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Water reclamation and reuse have become an increasingly important means for 
meeting increasing demand for water caused by continued population growth and 
contamination of water sources. However, the presence of various contaminants in 
treated effluent presents a challenge to the operation of water reclamation system, 
especially organics which are of increasing concerns with respect to their potential 
health effects. Membrane technology such as nanofiltration (NF) and reverse osmosis 
(RO) are likely to play important roles in removal of those compounds. 
 
A lab-scale microfiltration (MF)-RO membrane system was used in the preliminary 
study. Seven isolated fractions were obtained by using column chromatography 
fractionation process from a secondary effluent, which contained a total organic carbon 
(TOC) concentration of 14.3 to 29.4 ppm. Isolated fractions and MF pre-treated 
secondary effluent were subjected to membrane separation. The results revealed that 
hydrophobicity, charges of solute molecules and membrane materials, as well as the 
interactions among complex organic matters were the three major factors that could 
affect the rejection mechanisms of organics removal by NF and RO membranes. A 
SEPA cell flat-sheet membrane system was used in the later part of the study to assess 
the effects of these factors on organics rejection and to investigate the possible 
mechanisms for their removal. 
 
In the study of adsorption effect, two adsorption models, the modified diffusion-
controlled adsorption model (D-CAM) and reaction-controlled adsorption model (R-
vii 
 CAM), were modified and applied to describe the rate of organics adsorption. The 
results of atomic force microscopy (AFM) analysis indicated that adsorption capacity 
of a membrane tended to increase with its membrane surface roughness. With 
continuous-flow experiments using neutral fractions, it was found that the membrane 
rejection performance varied with the significance of adsorption (indicated by σ). 
More specifically, the larger the σ value, the greater the potential effect of adsorption 
on membrane rejection performance. 
 
In the study of electric exclusion effect, pH and ionic strength were selected as the two 
most important operating parameters. Rejections of hydrophobic-acid (Hpo-A), 
hydrophilic-acid (Hpi-A) and hydrophilic-base (Hpi-B) were found to be among the 
worst at pH 4, better at pH 7 and the best at pH 9. This rejection phenomenon is 
attributed to a combination of the hydrophobicity of the organics fraction, variation of 
membrane charge and tightness, and the extent of dissociation of the organics fractions 
with pH. Ionic strength showed less significant effect. However, it was noted that 
medium ionic strength was the most favorite condition for rejection of charged 
organics fractions. This is because strong ionic strength with high density of inorganic 
ions may compete with organic molecules for adsorption onto membrane surface. A 
tenuous ion concentration, on the other hand, may result in larger pore sizes/openings 
of the membrane structure. This phenomenon would in turn lead to a poorer rejection 
performance. 
 
Experimental results of interaction study showed that with the presence of Hpi-A or 
Hpo-A at a mass concentration ratio of 1, the average rejections for target base 
fractions were 11-30% or 9-26% higher than the corresponding rejection efficiencies 
viii 
 derived from single fraction. It was assumed that with the presence of acid and base 
fractions, the resulting neutralization reactions may lead to an increase of the amount 
of charged species and a decrease of the dielectric constant. It was further noted that 
after the ratio of added fraction over target fraction reached a certain value (>2 for 
Hpo-A), the beneficial effects became less significant due to the saturation of 
opportunities for interactions. With the presence of hydrophobic-neutral (Hpo-N) and 
at a concentration ratio of 1, the average rejections for target base fractions were 
improved by 9-35% compared with those derived from their corresponding single 
fractions. However, when the ratio further increased from 1 to 2, the rejections only 
increased by 2-9%. The interaction between neutral and base organics could be 
attributed to the effect of coupling of different permeable components known as 
frictional coupling. 
 
Keywords: Reverse Osmosis (RO), Nanofiltration (NF), Organics Fractionation, 
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Continued population growth, contamination of both surface water and groundwater, 
uneven distributions of water resources and periodic droughts have forced water 
agencies of many parts of the world to search for new sources of water supply. In a 
small country like Singapore where water resource is scarce, reclaiming used water has 
become a viable alternative to meet the increasing demand for water. 
 
Treated used water effluent typically contains a large number of dissolved organic 
compounds or matters (DOC or DOM) of low concentration. The characteristics of 
DOMs (either naturally produced or man-made) are influenced by their sources and 
conditions and they can significantly affect the operation of water reclamation systems. 
For example, they can be responsible for problems such as colour, taste and odour. 
Moreover, in drinking water treatment, the organics present can react with chlorine 
disinfectants to produce chlorinated disinfection by-products.  
 
For organics rejection and removal, membrane technology such as reverse osmosis 
(RO) and nanofiltration (NF) are commonly employed. Their usages have also been 
gaining popularity in water reclamation and reuse systems. Mallevialle et al. (1996) 
summarized the following trends in organics rejection by RO:  
• Rejection increases with increased molecular weight and branching  
• Compounds with an ionized group are rejected better than those without an 
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ionized group  
• Rejection is greater if functional groups are dissociated (effect of pH)  
• Synthetic organic compounds (SOCs), phenolic compounds, and low molecular 
weight (MW) chlorinated hydrocarbons are poorly rejected (e.g. some 
herbicides and insecticides)  
• Interactions with natural organic matter (NOM) significantly increase SOCs 
removal 
• Rejection of organic acids improved when present as salt  
• Non-polar membranes are more effective at removing low MW compounds  
• No dissolved gases are retained (may be a problem for odour control)  
• Steric and polar effects are specific for each compound.  
 
It has been noted that the characteristics of organic, such as molecular weight (MW) 
and charge property caused by the functional groups, have significant effects on their 
rejection by membrane (Mason and Lonsdale, 1990; Van der Bruggen et al., 1998; 
Schaep et al., 2001). Moreover, membrane properties, such as surface characteristics, 
also play an important role on organics rejection (Braghetta, 1995). Environmental 
conditions, such as pH and salts concentrations (ionic strength) have also been found 
to have some effects on organics rejection by membrane (Agui et al., 1992; Hall et al., 
1997). In addition, organics rejection characteristic will also be affected by interactions 
among organic matters (Laufenberg et al., 1996; Ohlenbusch et al., 2000). 
 
Although interest in membrane processes for water and used water treatment has 
grown steadily in recent years and the technology is now the subject of substantial 
research and development, there are limited literature and knowledge on organics 
2 
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rejection mechanisms by RO and NF. A review of literature revealed that solution 
chemistry, membrane charge, and the presence of inorganics or other organic matters, 
seem to be the major factors affecting organics rejection by membrane technology 
(Eisenberg and Middlebrooks, 1986; Van der Bruggen et al., 1998; Braghetta et al., 
1994; Elimelech and Childress, 1996; Ohlenbusch et al., 2000). However, there is a 
lack of information to apply the existing theories of DOMs removal in water 
reclamation. This is because most of the results available were based on single pure 
chemicals (micro-level), or obtained by simply assuming total NOM/DOMs in water 
samples as a complex substance with an overall concentration value (macro-level) 
(Aoustin et al., 2001). A few examples were given below to briefly illustrate the said 
problem. 
 
In a study of organics adsorption on membrane, Kiso et al. (2001) pointed out 
hydrophobicity of organic compounds was an important factor affecting adsorption of 
organics onto the membrane surface. However, their findings were only derived based 
on experiments with several aromatic pesticides. Jones and O’Melia (2000) developed 
a rate model to investigate the adsorption of macro-molecule on ultrafiltration (UF) 
membranes. Their study was only based on bovine serum albumin (BSA) and humic 
acid. In addition, the factors affecting adsorption on the membrane surface and inside 
the pores are not well understood (Van der Bruggen et al., 2002). 
 
The rejection of small organic molecules was found to be dependent on their structure 
and size, as well as charge and dipole moment. In a study on rejection characteristics 
of 30 to 700 daltons compounds using NF membranes, Van der Bruggen et al. (1999) 
demonstrated that polarity of a molecule reduced its retention. Agui et al. (1992) found 
3 
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that pH and ionic strength have important effects on humic substances (HSs) removal 
using a RO membrane. Although established theory or models, such as Donnan 
Potential and Extended Nernst-Planck Equation, are available to describe the transport 
phenomenon through charged membranes, they are more applicable for ions. Again, 
there is a lacking in applying the electric exclusion theory on organics rejection, at 
organics fraction level (sub macro-level), in water reclamation. 
 
Another problem associated with those studies based on part of the organics is that 
results derived from a single solution cannot be extrapolated to mixtures typically 
encountered in a real situation. Recognizing this problem, some researchers have 
studied the rejection characteristics of complex mixture. For example, Laufenberg et al. 
(1996) studied the retention of carboxylic acids and their mixtures by RO and reported 
the presence of other acids could reduce the retention of compounds that were poorly 
retained, and increased the retention of compounds that were strongly retained. This 
phenomenon was attributed to intermolecular interactions. However, there has not 
been any investigation that extends the interaction study from pure chemicals to groups 
of organics typically present in reclaimed water. 
 
In view of the above, it is the aim of this study to investigate the rejection mechanisms 
of DOMs and their implications to membrane process performance. To avoid the 
shortcomings by taking DOMs as one complex group, as well as to understand the 
effects of major characteristics of DOMs on their rejection, DOMs will be fractionated 
based on their difference in hydrophobicity and charge properties. Subsequently, study 
on adsorption of organics fractions, electrostatic interaction between charged fractions 
and membrane, as well as interactions between organics fractions will be conducted to 
4 
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provide an in-depth understanding on organics rejections by NF and RO membranes. 
 
1.2 Objective and Scope of Study 
The main objective of this study is to propose a mass transport mechanism to describe 
the rejection of organics fractions by membranes. The study would look into three 
main aspects, namely adsorption, electric exclusion and interaction between different 
organics fractions, which are proposed based on the organics characteristics (Figure 
1.1). In order to evaluate the characteristics of organics in source water and their 
rejection properties by membrane technology, DOMs in effluents will be fractionated 
into six fractions using resin chromatography method (Imai et al., 2002). These 
include hydrophobic acids (Hpo-A), hydrophobic bases (Hpo-B), hydrophobic neutrals 
(Hpo-N), hydrophilic acids (Hpi-A), hydrophilic bases (Hpi-B) and hydrophilic 
neutrals (Hpi-N) fractions. 
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The scope of this research includes: 
I. To conduct a preliminary study on the potential effects of adsorption, electric 
exclusion and interaction between organics fractions on organics rejections and 
to postulate appropriate removal mechanisms. 
II. To investigate a modified transient-state adsorption model using static 
adsorption kinetic experimental data. 
III. To study the effect of adsorption on organics rejections with dynamic 
membrane separation experiments using neutral organics fractions. 
IV. To investigate the electric exclusion effect on organics rejection using acid and 
base organics fractions under varying pH and ionic strength conditions. 
V. To study the feasibility of improving the rejection of the most permeable 
fractions via interaction with other fractions. 
 
The assumption that molecules are continually bombarding onto the surface and 
escaping (desorption) from the surface to maintain zero rate of accumulation at the 
surface at equilibrium (Langmuir, 1918) will be adopted in this study. That is, 
Langmuir isotherm is assumed in both adsorption and desorption cases. Verification of 
the two adsorption models, namely the modified diffusion-controlled adsorption model 
(D-CAM) and the reaction-controlled adsorption model (R-CAM), will also be parts of 
this project and incorporated into Chapter Four and Appendix A. These two models 
will be adopted in this study for the isolated organics fractions from the treated effluent, 
to predict the organics mass absorbed onto the different membrane surfaces. Static 
adsorption and desorption experiments are to be conducted for verification of the 
models. An attempt will then be carried out to correlate adsorption behaviour with 
membrane surface properties and performance attributes. Dynamic membrane 
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separations with all five types of typical commercial RO/NF membranes will be 
investigated. Only neutral fractions will be used to exclude the effects of charge 
interactions between organics and membrane materials. 
 
For acid and base fractions, electrostatic attraction or repulsion may play a more 
important role than adsorption, as they could dissociate in water. The pH and ionic 
strength have been found to be the main factors that influenced NOM rejection due to 
the variation of molecular conformation and changes in membrane tightness. Effective 
charge of a membrane depends on pH and ionic strength, which influence functional 
group dissociation. In order to find out the effects of electric exclusion on organics 
rejections, membrane separation experiments will also be carried out under varying pH 
and ionic strength conditions. Analysis of charge properties of organics fractions and 
membrane surfaces will also be carried out. 
 
Some single fractions, like positively charged base fractions, tend to have a much 
lower rejection by membrane. The particular ones with the poorest rejection would be 
identified in previous parts of this study. Improvement on the removal of the poorest 
fraction will become an important issue. Interaction among different fractions has been 
found to have some beneficial effects on the removal. Therefore, mixing fractions with 
poor rejection characteristics with other fractions before passing through the 
membrane would indicate whether interaction could enhance rejection performance. 
This phenomena will be investigated in this study. 
 
Altogether, the preliminary study, the adsorption study, the electric exclusion study 
and the interaction study will be conducted to provide an in-depth understanding on 
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the rejection mechanisms of organics removal by NF and RO membranes. This 
research would allow a better prediction on the performance of the membrane system 
and better assessment on the feasibility of adopting membrane technology for 
reclamation of treated sewage, where organic pollutants are typically a key concern. 
The above investigations would also facilitate proper design and operation of water 
reclamation systems. 
 
1.3 Outline of Thesis 
This thesis presents the study on the mechanisms of organics rejection by NF and RO 
membranes using two lab-scale membrane systems. The background information and 
literature review, which shows the necessity and importance of the study, are presented 
in Chapters One and Two, respectively. The design and set-up of the membrane system 
and the operation and sampling methods are presented in Chapter Three. Chapter Four 
discusses the experimental results, which includes a preliminary study to evaluate 
organics rejection by RO/NF and to identify the main factors affecting the rejection. 
The major rejection mechanisms are discussed subsequently in adsorption, electric 
exclusion and interaction sections. Conclusions from this study and recommendations 
for improvements and future study directions are presented in Chapter Five. 
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2.1 Water Reclamation 
“Water reclamation” is the treatment or processing of used water to make it reusable, 
and “water reuse” is the use of treated used water for a beneficial application such as 
agricultural irrigation. “Direct” potable reuse involves pipes or other conveyance 
facilities for delivering reclaimed water to end users for potable consumption. 
“Indirect” potable reuse, on the other hand, involves discharge of reclaimed water to a 
receiving water for assimilation and subsequent withdrawals for further treatment 
before being used for potable consumption (Mujeriego and Asano, 1991). 
 
2.1.1 Possible Solution to Water Resource Shortage 
Continued population growth, contamination of both surface water and groundwater, 
uneven distribution of water resources, and periodic droughts have forced water 
agencies to search for innovative sources of water supply (Metcalf and Eddy, 2003). In 
highly industrialized countries, there are growing problems of providing adequate 
water supply and municipal and industrial used waters disposal. In developing 
countries, particularly those in arid parts of the world, there is a need to develop low-
cost, low-technology methods of acquiring new water supply while protecting existing 
water sources from pollution. 
 
As the demand for water increases over the past decades, water reclamation and reuse 
have become an increasingly important means for meeting some of this demand. 
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Through integrated water reuse planning, the use of reclaimed water may provide 
sufficient flexibility to allow a water agency to respond to short-term needs as well as 
increased long-term water supply reliability without constructing additional storage 
and conveyance facilities at substantial economic and environmental expenditures. 
Internal industrial recycling is not only effective in extending water supply but may 
also limit the discharge of pollutants and enable the recovery of useful materials. Such 
applications for resource recovery and pollution prevention are receiving greater 
attention as industrialized nations shift their regulatory efforts from end-of-pipe 
treatment to source reduction. 
 
Among all kinds of used waters, municipal used water, which comprises 80-90% of 
consumed water in most cities, is one of the most reliable sources for water 
reclamation, as its volume and quality varies relatively little throughout the year. In 
areas of water scarcity, the upgrading of treated municipal used waters for indirect 
potable reuse and internal industrial recycling, have become attractive means of 
extending existing water supplies. Therefore, water reuse from treated sewage is a 
major subject for recent studies. 
 
The reuse of treated used water is not new. In countries with long riverine systems, 
upstream communities use the water and discharge the used water after treatment back 
into the river. Successive downstream communities then reuse the water several times, 
before the river finally flows into the sea. Until recently, a key constraint to greater 
recycling and reuse was cost. However, with the development of new technology, it 
has become economically attractive to recycle and reuse used water on a large scale 
basis. 
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2.1.2 Advanced Technologies for Water Reclamation 
Organic and inorganic contaminants present in treated used water are a challenge to the 
operation of a reclamation system. For example, treated sewage contains high levels of 
suspended solids, organic and inorganic colloids, and biological materials compared to 
usual well or surface water suppliers (Hillis, 2000). Advanced technologies are 
therefore needed for water reclamation and reuse. 
 
A number of physical or chemical techniques, such as activated carbon adsorption 
(GAC) and multi-effect distillation (MED), or membrane filtration have been the most 
common techniques employed. A review is done for these techniques for comparison 
and selection based on their ability of organics rejection, cost of labor, material and 
energy for operation, and degree of difficulty in operation and maintenance. Results 
show that membrane technology has prominent advantages compared with other 
established technologies. These include (Graese et al., 1987; Darton, 1997; Mulder, 
1996): 
• No need for chemicals (coagulants, flocculants, disinfectants, pH adjustment); 
• Good and constant quality of the treated water, regardless of the raw 
feedwater quality; 
• Easy to operate and maintain (compared with MED); 
• Size-exclusion filtration as opposed to media depth filtration (Sand bed); 
• Process and plant compactness due to its modular construction (compared 
with MED); 
• Relatively low capital and operational costs (compared with GAC & MED) 
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2.2 Membrane Technology and Its Application in Water Reclamation 
Since the development of synthetic asymmetric membranes in 1960, interest in 
membrane processes for water and used water treatment has grown steadily. The 
technologies are now the focus of substantial research, development of commercial 
activity and full-scale applications.  
 
A membrane or, more properly, a semipermeable membrane, is a thin layer of material 
that is capable of separating materials as a function of their physical and chemical 
properties when a driving force is applied across the membrane. Membranes may be 
classified by the range of materials separated and the driving forces employed. For 
example, MF and RO are two typical membrane processes that use pressure to 
transport water across the membrane. MF membranes are capable of removing only 
particulate matter; while RO membranes retain solutes as water permeates through the 
membrane. Other than MF and RO, UF and NF membranes are also pressure-driven 
membranes and commonly used in water treatment and water reclamation. 
 
2.2.1 Microfiltration and Ultrafiltration 
MF membranes, a pressure-driven membrane technology, remove contaminants from a 
feed stream by separation based on retention of particulate contaminants on a 
membrane surface. It is the “loosest” of the membrane processes, having a pore size 
ranging from 0.05 to 5µm. As a consequence of its large pore size, it is used primarily 






















Figure 2.1  Conventional water treatment processes replaced by MF 
(Mallevialle et al., 1996) 
 
As a result of the current and anticipated regulations, there has been an increasing 
interest in employing MF for the removal of particles and microorganisms from 
untreated drinking water supplies. By removing microorganisms with this technology, 
less primary disinfectant would be required, thus lowering the concentrations of DBPs 
formed through the treatment process. As shown in Figure 2.1, this membrane process 
is intended to replace four unit operations/processes used in a typically conventional 
water treatment system, namely rapid mix, coagulation, flocculation and media 
filtration. In comparison with a conventional treatment system, MF is a physical 
process that removes contaminants primarily by sieving them from the water being 
treated. 
 
Ultrafiltration is a pressure-driven process by which colloids, particulates and high-
molecular-mass soluble species are retained by a mechanism of size exclusion, and, as 
such, provides means for concentrating, fractionating or filtering dissolved or 
suspended species (Amy et al., 1987). The process is ideal for the removal of small 
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particles from drinking water, softening of hard water, and pretreatment for RO. 
 
Microfiltration (MF) and ultrafiltration (UF) processes appear to be more attractive for 
used water treatment because they promise high fluxes at relatively low pressures. Use 
of the loose membranes has often been considered as a pretreatment step prior to 
sophisticated desalination or organics removal processes, in place of conventional 
clarification or sand filtration (Lee et al., 1999; Durham et al., 2002; Chang et al., 
1994). MF is also considered as a pretreatment train of the RO system instead of 
existing physical–chemical treatment methods such as lime clarification and 
multimedia filtration. It was also reported that Eraring Power Station, Australia, 
installed a tertiary treatment system equipped with RO in combination with MF to 
produce treated water of high quality for planned non-potable reuse (Reith and 
Birkenhead, 1998). In particular, MF/UF is now successfully replacing existing 
gravitational settlers for the separation of biosolids in the mixed liquor effluent from 
biological treatment. The combined process, membrane bioreactor (MBR), has been 
successfully applied to the biological industry (Moueddeb et al., 1996; Roig et al., 
1996), the chemical industry (Kise and Hayashida, 1990) and used water treatment. 
About 200 MBRs are currently in operation for various used waters, and 90% of them 
are employed in municipal used water treatment (Rhoida Eco Services Group, 1998). 
UF and MF alone or in combination with coagulation, adsorption, micelle formation, 
and complexation were used for the recovery of valuable materials through selective 
separation of colloidal particles, macromolecules, or metals besides used water 
reclamation (Afonso et al., 2002; Bilstad and Yastebo 2002; Al-Malack and Anderson 
1996; Qin et al., 2002; Abdessemed et al., 1998; Rodríguez et al., 2002). Nevertheless, 
extensive attempts to find more MF/UF applications for the purification of various 
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used water effluents are still needed. 
 
2.2.2 Reverse Osmosis and Nanofiltration 
Reverse osmosis and nanofiltration are the most commonly used membrane processes 
for seawater desalination or ultra-pure water production. Both reverse osmosis and 
nanofiltration can be described as diffusion-controlled processes in that mass transfer 
of ions through these membranes is diffusion controlled. Consequently, these 
processes can remove salts, hardness, pathogens, turbidity, disinfection by-product 
(DBP) precursors, synthetic organic compounds (SOCs), pesticides and most of 
potable water contaminants known today. 
 
Reverse osmosis is capable of rejecting bacteria, salts, sugars, proteins, particles, dyes, 
and other constituents that have a molecular weight greater than 150-250 daltons. The 
separation of ions with reverse osmosis is aided by their charge properties. This means 
that dissolved ions that carry a charge, such as salts, are more likely to be rejected by 
the membrane than those that are not charged, such as organics. The larger the charge 
and the larger the particle, the more likely it will be rejected. 
 
In fact, RO is a widely recognized and established technology which has been used 
extensively in many other areas. These include the production of bottled drinking 
water and ultra-clean water for the wafer fabrication and electronics industry. RO is 
also increasingly becoming popular as one of the technologies used in desalination of 
seawater for human consumption. It is also used to recycle used water to drinking 
water on space shuttles and on International Space Stations. 
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Like reverse osmosis, the rejection performance of nanofiltration is affected by the 
charge of the particles being rejected. Thus, particles with larger charges are more 
likely to be rejected than others. Nanofiltration is not effective on small molecular 
weight organics, such as methanol, because it is not as fine a filtration process as 
reverse osmosis. But it also does not require the same amount of energy to perform the 
separation. Nanofiltration is most commonly used to separate a solution that has a 
mixture of some desirable components and some that are not desirable. An example of 
this is the concentration of corn syrup. The nanofiltration membrane will allow the 
water to pass through the membrane while holding the sugar back, concentrating the 
solution. 
 
Many water-intensive industrial sectors such as textile, food, pulp and paper industries 
are interested in using membranes for used water repurification. Kremen et al. (1977) 
reported a method for reclaiming used water containing copper, zinc and chromium 
from metal finishing using a RO process together with precipitation, resulting in a 
water recovery of 95%. Ahn et al. (1999) investigated the performance of NF for 
removal of ions in a simulated nickel electroplating rinse water. A hybrid 
nanofiltration process was reported for the treatment and recycling of a final rinse from 
a nickel-plating plant in Singapore (Wong et al., 2002). RO filtration was considered 
for recycling space mission used water to produce potable and washing water because 
it is compact and easy to operate (Lee and Rueptow, 2001). 
 
2.2.3 Application of Membrane Technology in Water Reclamation 
Various indirect potable reuse projects by membrane technology have been 
implemented around the world. NEWater is a reclaimed water that has undergone 
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stringent purification and treatment processes using advanced dual-membrane 
(microfiltration and reverse osmosis) and ultraviolet disinfection technologies. The 
Singapore Water Reclamation Study (NEWater Study) was initiated in 1998 and its 
primary objective was to determine the suitability of using NEWater as a source of raw 
water to supplement Singapore's water supply. NEWater could be mixed and blended 
with reservoir water and then undergo further conventional water treatment to produce 
drinking water (a procedure known as Planned Indirect Potable Use or Planned IPU). 
Additionally, NEWater could be used as high quality industry water. 
 
Planned IPU as a source of water supply is not new. It has been practised in several 
parts of the United States for more than 20 years. At Water Factory 21, Orange County 
Water District, Southern California, high quality water reclaimed from treated used 
water has been injected into groundwater since 1976. Current treatment processes 
include lime clarification, recarbonation and multimedia filtration followed by GAC or 
reverse osmosis and chlorination. It was found that reverse osmosis could remove a 
greater percentage of organic carbon than GAC, and reduce ammonia and nitrate 
concentrations by 80% so that use of ammonia stripping towers was discontinued in 
1985. Similarly, at Upper Occoquan Sewage Authority (UOSA), North Virginia, high 
quality reclaimed water has been discharged into Occuquan Reservoir since 1978. 
Occoquan Reservoir is a source of water for more than a million people living in the 
vicinity of Washington DC. Besides IPU, the Denver Potable Water Demonstration 
Project (WEF and AWWA, 1997) has also been carried out to investigate the 
feasibility of using reclaimed water for direct potable reuse. In 1985, the potable reuse 
demonstration plant was set up with a designed capacity of 44 L/s (1.0 mgd), and after 
two years’ trial operation, the selected process train was decided to include lime 
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clarification, recarbonation, filtration, UV irradiation, activated carbon adsorption, 
reverse osmosis, air stripping, ozonation, and chloramination for use in the remainder 
of the project. The final report on Denver’s demonstration project concluded that no 
adverse health effects were detected from lifetime exposure to any of the samples and 
during a two-generation reproductive study (WEF and AWWA, 1997). 
 
Water reclamation is a growing trend in the U.S. and around the world. In the U.S., 
there are several other water reclamation projects that are either being planned or under 
construction. Two of them are at Gwinnett near Atlanta, Georgia and at Scottsdale near 
Phoenix, Arizona (WEF and AWWA, 1997). Similarly, Singapore has embarked on 
NEWater initiatives to supply high quality reclaimed water for IPU and to wafer 
fabrication plants and other industries for non-potable use. Construction of NEWater 
Factories, together with a supply network was commenced in Dec 2001. 
 
2.3 Problems in the Use of Reclaimed Water for Public Consumption 
With the growing interest in the use of reclaimed water for indirect or even direct 
potable consumption, there is an increased awareness of chemical quality with 
emphasis on trace organic compounds. That is, there is a concern over potential impact 
on the public’s health. Seven categories of municipal used water reuse are identified in 
Table 2.1, along with the potential constraints. 
 
It is noted from Table 2.1 that the major problems in the application of reclaimed water 
are trace organic compounds and their potential toxicological effects, as well as public 
health concerns on biological growth. The dissolved organic matters in the water can 
react with disinfectants-oxidants and may result in production of disinfection-by- 
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Table 2.1  Categories of Municipal Used water Reuse and Potential Constraints* 
(Mujeriego and Asano, 1991) 




Effect of water quality, particularly, salts on soils and 
crops 
 Public health concerns related to pathogens (bacteria, 







Surface and ground water pollution if not properly 
managed 









Reclaimed used water constituents related to scaling, 
corrosion, biological growth and fouling 
Process water  
Heavy construction 
Public health concerns, particularly aerosol transmission 
of organics and pathogens in cooling water and 





Salt water intrusion 
Trace organics in reclaimed used water and their 
toxicological effects 
Subsidence control Total dissolved solids, metals, and pathogens in 




Lakes and ponds 




Eutrophication due to N and P 
Snowmaking Esthetics including odour 
  
  
Nonpotable urban uses 
Fire protection 
Air conditioning 
Public health concerns about pathogens transmission by 
aerosols 
Toilet flushing Effects of water quality on scaling, corrosion, biological 
growth and fouling 
  
 Potential cross-connections with potable water system 
  
Potable reuse 
Blending in water supply 
Pipe to pipe water supply 
Trace organics in reclaimed used water and their 
toxicological effects 
 Esthetics and public acceptance 
  
 Public health concerns on pathogens transmission 
including viruses 
*Arranged in descending order of volume of use. 
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products (DBPs). Moreover, the biodegradable organic matters in product water can 
serve as a food source for the growth of microorganisms in a distribution system, 
which can lead to the deterioration of water quality, reducing hydraulic capacity, pipe 
corrosion, and an increased incidence of coliform bacteria, which therefore may pose a 
threat to public health. 
 
2.3.1 Organic Matters in Reclaimed Water 
Dissolved organic matters (DOMs), measured as dissolved organic carbon (DOC), is a 
term used to describe the complex matrix of organic materials present in waters. 
DOMs plays a significant biochemical and geochemical role in aquatic ecosystems. 
There is an increasing interest in incorporating its chemical properties into predictive 
models of equilibrium and kinetic processes. Many studies also have shown the 
importance of DOMs in controlling the speciation and toxicity of trace metals in 
aquatic environments (Cabaniss and Shuman, 1988; Ma et al., 1999).  
 
DOMs can be broadly divided into humic and nonhumic fractions. The humic fraction 
is hydrophobic in nature and comprises of humic and fulvic acids, which is considered 
most important in terms of chemical properties and has implications for water 
treatment. Humic substances (HSs), which are described as heterogeneous 
polyfunctional polymers formed through the breakdown of plant and animal tissues by 
chemical and biological processes, generally comprise one-third to one-half of the 
DOC in natural waters (Thurman, 1985). Most organic compounds in water supplies 
are natural in origin and derived from living and decaying vegetation. These 
compounds may include humic and fulvic acids, polymeric carbohydrates, proteins and 
carboxylic acids. Although HSs are reactive components for interactions with many 
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inorganic and organic pollutants, and may decrease toxicities of these pollutants, they 
are themselves precursors of numerous chlorination by-products that are potentially 
carcinogenic. Humic materials are still among the least understood and characterized 
components in the environment due to their complex polymeric properties. 
 
Sewage effluents, which contain large amounts of organic matters, are likely to be 
major contributors to the genesis of HSs in major rivers (Malcolm, 1985), thus there is 
a potential for DBPs formation in reclaimed water derived form treated sewage. 
Organic carbon in the product water can also be utilized by heterotrophic bacteria for 
production of new cellular material (assimilation) and as an energy source 
(dissimilation). Organic micropollutants that can persist through (or formed during) 
used water treatment and which are associated with potential human health effects are 
of concern in implementation of indirect potable reuse projects. The nature of residual 
organic matter from the secondary treatment processes has been characterized with 
respect to proteins, sugars, lipids, polyphenolic compounds, and lignin, but lots of 
fractions still remained unidentified due to its complex structures and chemical 
resistance (Franta and Wilderer, 1997; Drewes and Fox, 1999; Dignac et al., 2000). 
 
Existing conventional treatment facilities that consist of primary treatment, biological 
treatment, and clarification processes have some limitations in removing non-
biodegradable portions of organic matters, fine colloids, and dissolved inorganic 
species and therefore they were not able to meet the requirements for used water reuse 
standards (Adin and Asano, 1998; Mujeriergo and Asano, 1991). Particularly, residual 
colloidal and organic matters that are resistant to biochemical oxidation should be 
removed as much as possible before reuse (Adin, 1999; Seo et al., 1997; Drewes and 
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Fox, 1999; Dignac et al., 2000). Otherwise, it could affect pipe fouling or corrosion 
and also would be a cause of microbial regrowth in reuse systems. Owing to the 
increasing concerns with respect to the potential health effects of organics and their 
presence in product water that are of rather low concentrations, advanced technologies 
are needed to remove these trace organics. 
 
2.3.2 Selection of Water Reclamation Process 
Based on the literature review about the existing technologies for water reclamation, 
membrane technology has been identified as an efficient process with many 
advantages. In addition to its capability of rejecting inorganics, viruses and bacteria, 
RO is also known to have high removal efficiency for organics. As high as 95% total 
organic carbon (TOC) removal has been reported (Metcalf and Eddy, 2003). NF 
functions quite similar to RO except that NF membranes have pores and thus they do 
not provide as fine a filtration as RO. However, the pressure required for NF operation 
is much lower, making it an energy-saving and more cost-effective process than RO. In 
short, both RO and NF can improve the colour, taste and properties of the product 
water, making it suitable for reuse purposes. 
 
Organic pollutants will adhere or adsorb to the surface of bulk solid media, depending 
largely on the characteristics of the media. Owing to its non-polar nature, granular 
activated carbon (GAC) is highly selective in removing organics from the streams. 
Disadvantages of application of GAC adsorption include high energy needed to drive 
water stream through carbon beds, recharging of carbon beds and high operation cost. 
As the available adsorption sites of the carbon are fully covered by the substances that 
are being adsorbed, the carbon will lose its ability for adsorption and thus its organics 
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removing capability.  
 
Development of multi-effect distillation (MED) taking place in the last few years has 
brought this process to the point of competing technically and economically with 
related processes. The disadvantages of this technique include energy losses within the 
evaporator/condensers and space requirements for optimal carry over separation 
required to achieve a high quality distillate. 
 
Chemical oxidation processes offer a high degree of process flexibility and ability to 
degrade organic pollutants and decrease their concentration levels that can be 
challenging to the tradtitional treatment processes (Langlais et al., 1991; Zappi et al., 
1991). Chemical oxidation processes are well established in terms of municipal water 
treatment but still lack a proven track record for many pollutants, including ketones 
(Hernandez et al., 2002). Advanced oxidation process (AOP) constitutes a suitable 
treatment method for industrial effluents relying upon the intermediacy of chemical 
initiators (i.e. free radicals) and energy (i.e. heat) to destroy the target pollutants. These 
processes are chemical oxidation technologies that rely on the formation of the 
hydroxyl radical (OH•) to further oxidize organic and/or inorganic contaminants, 
including ozonation, UV irradiation, photocatalysis, hydrogen peroxide/ferrous iron 
oxidation (the so called Fenton’s reagent), electrochemical oxidation, wet air oxidation 
as well as various combinations of the above. Given the specific treatment objectives, 
AOP may be used either for the complete mineralization of all pollutants to carbon 
dioxide, water and mineral salts or for the selective removal of the more bioresistant 
pollutants and their conversion to biodegradable intermediates (Mantzavinos and 
Kalogerakis, 2005). The major drawback of these processes is the formation of 
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oxidation by-products and the subsequent effect on the biostability of the product 
water (Raczyk-Stanisławiak et al., 2004), which is a big concern related to the health 
aspect of reclaimed water. 
 
2.4 Organics Rejection by Membrane 
Membrane technology is originally used for seawater desalination. More recently, the 
efficient removal of organic substances from aqueous solutions by reverse osmosis 
process has also been receiving considerable attention, especially for water reclamation. 
This is because the major concern in reclaimed water is related to the organics 
potentially present in the product water. A review of literature revealed that the 
rejection of organics increased with their molecular weight and branching in a 
homologous series (Eisenberg and Middlebrooks, 1986). Rejection of organics was 
also found to increase with molecular diameter and decrease with molecular polarity 
(Van der Bruggen et al., 1998). In addition, it has been reported that the solution 
diffusion model was able to predict the filtration behaviour of solutions composed of a 
single ionic salt. However, it has a lower predictive capability for organic solutes 
(Wiesner et al., 1992). 
 
The mechanism of reverse osmosis separation for organic matters is not just a physical 
process based on size difference of solute and solvent, but based on processes relating 
to their sizes and shapes, their ionic charges and their interactions with the membrane 
itself. Therefore, rejection of organics may be determined by size and charge, as well 
as other parameters, such as pH and ionic strength, that govern ion rejection (Mason 
and Lonsdale, 1990; Hall et al., 1997; Schaep et al., 2001). In addition, factors such as 
molecular conformation and structure may also play a role in organics rejection.  
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2.4.1 Size Exclusion Effect 
Considering the complexity of organics rejection, one can reasonably expect that 
rejection of natural organics will vary greatly from source to source. While the larger 
compounds would be expected to be retained by steric effects, smaller and uncharged 
compounds could potentially exhibit a lower rejection behavior. 
 
The term molecular weight cut-off (MWCO) is a specification used by membrane 
manufacturers to describe the retention capabilities of a membrane, and it refers to the 
molecular mass of a macrosolute (typically, polyethylene glycol, dextran or protein) 
for which the membrane has retention capability greater that 90%. The data on 
membrane pore size and MWCOs are shown in Figure 2.2. This figure provides an 
indication of relative filtration size ranges. 
Size     m

































Figure 2.2  Selected separation processes used in water treatment and size ranges of 
various impurities found in raw waters 
(Jacangelo et al., 1989) 
 
From Figure 2.2, it can be seen that the rejection of natural organics by NF and RO is 
expected to be within 90 to 95%. However, due to variations with membrane and 
organic characteristics, lower rejections had also been reported. Early studies of RO 
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observed that the rejection of organics increased with molecular weight and branching 
in a homologous series. It was also noted that phenol rejection was low. Rejection of 
macromolecules or aggregated compounds was within 80 to 90%, whereas the 
rejection of volatile compounds was only 14 to 40% (Eisenberg and Middlebrooks, 
1986). Therefore, size exclusion mechanism alone is not sufficient to account for the 
organic rejection by RO/NF membranes. 
 
2.4.2 Adsorption Effect 
Retention of trace organics by NF/RO membranes has been the subject of considerable 
research (Chian and Fang, 1976; Duranceau et al., 1992; Berg et al., 1997; Kiso et al., 
2001; Schäfer et al., 2001). Depending on their affinity to the membrane, retention of 
trace organics by NF/RO membranes can be governed by a complex fashion according 
to the chemistry of the solute-membrane interactions. In such circumstances, molecular 
weight of organic solutes and salt retention capability of the membranes may be poor 
predictors for the retention of trace organics (Schäfer et al., 2001). 
 
Sorption on the hydrophobic domain (membrane polymer-organic solute interaction) is 
regarded as an important phenomenon which may influence the rejection behavior. It 
was also found that some membranes could adsorb trace organics that in turn may give 
a false impression of high retention (Nghiem et al., 2002). Hydrophobicity of organic 
compounds was further found to be an important factor affecting adsorption of 
organics onto the membrane surface (Kiso et al., 2001). Adsorption inside the pores or 
at the membrane surface narrows the pores. When the molecules have a similar size as 
the pores, permeation can lead to pore blocking, a phenomenon that can be enhanced 
or caused by adsorption. Pore blocking has been observed for ultrafiltration, where 
26 
Chapter Two-Literature Review 
macromolecules are filtered (Yuan and Zydney, 2000). For the filtration of 
nonmacromolecular components with nanofiltration, this phenomenon has not yet been 
described (Van der Bruggen and Vandecasteele, 2001). 
 
Retention behaviour of such trace organics is often explained by the preferential 
sorption-capillary flow model (Reinhard et al., 1986). According to this model, solute 
transport across the membrane is a two-stage process: firstly, the solute is absorbed or 
dissolved onto the membrane; secondly, it migrates across the membrane by diffusion 
or convection (Fang and Chian, 1976). Molecular characteristics such as water 
solubility, hydrogen bonding, acidity and branching can affect both the adsorption and 
the migration processes (Reinhard et al., 1986). Jones and O’Melia (2000) developed a 
rate model to investigate the adsorption of macro-molecule bovine serum albumin 
(BSA) and humic acid on UF membranes. This model also suggests a two-stage 
process which is diffusion of the organics to the proximity of the membranes followed 
by adsorption on the membrane surface. However, how the factors, including 
membrane surface properties and organics molecular characteristics, affecting 
adsorption on the membrane surface and inside the pores are not known (Van der 
Bruggen et al., 2002). Study on the factors which will affect adsorption of organic 
matters on the RO/NF membrane surfaces, and the subsequent effect of adsorption on 
rejection will be carried out in this study. 
 
2.4.3 Electric Exclusion Effect 
Generally, rejection of organic matters by membrane was found to increase when 
molecules were large, sterically complex, or polyfunctional. This meant that ionisable 
compounds were rejected to a greater extent than hydrophobic compounds. The 
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rejection of small organic molecules depended on their structure and size, as well as 
charge and dipole moment. In a study of rejection of 30 to 700 daltons compounds 
using NF membranes, Van der Bruggen et al. (1999) demonstrated that polarity of a 
molecule reduced its retention. This was explained as an electrostatic attraction of the 
dipole towards the NF membrane which thus facilitated entrance into the pores. This 
effect was identical for membranes of both negative and positive charges with only the 
direction of the dipole changing. Negatively charged molecules were retained better 
due to Donnan exclusion by the negatively charged membrane. Positively charged 
molecules were retained less than negatively charged or neutral molecules. Individual 
membranes exhibited significant differences in the extent to which size and charge 
determined rejection. 
 
Agui et al. (1992) found that pH and ionic strength showed important effects on HSs 
removal using a RO membrane. Rejection was higher at neutral pH (90%), rather than 
acidic pH (60~75%), and the rejection was concentration dependent. The reasons for 
this solvent dependent behaviour were attributed as adsorption, hydrogen-bonding, or 
electrostatic attraction. However, the reported rejections are relatively low for RO.  
 
The pH and ionic strength influenced NOM rejection not only due to the variation of 
molecular conformation, but also changes in membrane tightness. Effective charge of a 
membrane depends on pH and ionic strength, which influence functional group 
dissociation and double layer effects. If the membrane has a high negative charge, 
which is normally the case at high pH and low ionic strength, the repulsion of 
functional groups will be strong, creating more free space among the membrane 
structures and therefore high permeate flux. This will also influence rejection, being 
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lowest under acidic conditions. It was shown that variations in rejection and flux were 
due to changes in the membrane matrix (Braghetta et al., 1994). Braghetta (1995) 
reported a reduction in rejection of DOC at low pH and high ionic strength for a 
sulphonated polysulphone hollow fibre NF membrane (MWCO=1 kDa). 
 
The literature review about electric exclusion effect on organics rejection by 
membrane suggested that pH and ionic strength are the main factors, which could 
affect the dissociation of organic molecules as well as the effective charge of 
membrane. However, there is a lack of information to apply those theories on NOM 
rejection, since most of the results available were just based on single pure chemicals. 
Therefore, in this study, the electric exclusion mechanism for organics rejection by 
RO/NF will be conducted by varying the pH and ionic strength. 
 
2.4.4 Intermolecular Interaction Effect 
Apart from diffusion, solubility of the permeating compound in the polymer of 
membrane is the most important factor which affects the rejection of the substance 
through RO. Influencing factors on this solubility are found as van der Waal’s forces 
(Debye, induction and dispersing interactions) and hydrogen bonding. In additional, 
steric effects as well as acidity (basicity) and polarity, are influencing factors on the 
permeating behaviour of a compound. However, results from a single solution cannot 
be extrapolated to mixtures. Laufenberg et al. (1996) studied the retention of 
carboxylic acids and their mixtures by RO. They noticed that the presence of other 
acids reduced the retention of compounds that were poorly retained, and increased the 
retention of compounds that were strongly retained. This was attributed to 
intermolecular interactions. 
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Interaction effects are important in multi-component solution as the transport 
properties of one solute could be affected by the presence of another solute. 
Interactions may enhance rejection by RO membrane due to the effect of coupling of 
different components known as frictional coupling. Studies have shown that systems of 
electrolytes-nonelectrolytes or electric solutions containing weak acids exhibits strong 
interaction effects (Scltanieh and Sahebdelfar, 2001). Ohlenbusch et al. (2000) showed 
that the interaction between phenolic compounds and natural organic matters was 
dependent on the characteristics of both the contaminant and the NOM. Depending on 
the polarity of the compounds, hydrophobic and specific interactions could occur. 
Interactions increased with both the molecular weight and hence the ability of a NOM 
molecule to form hydrophobic cavities. The phenomenon will also be affected by the 
number of functional groups and hence their ability to facilitate specific interactions. 
However, the available results were all obtained from studies using some known 
chemicals or a certain type of compounds, which would not be sufficient for describing 
the interaction effects associated with water treatment processes. The reclaimed water 
from treated sewage used in this study will likely contain quite a large number of 
organic matters, including hydrophobic and hydrophilic compounds, which are acids, 
bases and neutral matters. Thus, interactions among these compounds will be an 
interesting topic and could enable us to have a better understanding on the rejection 
mechanism of organic matters by RO/NF membranes. Furthermore, the interactions 
between certain groups of organics is still an area that is relatively unknown, and this 
type of study on interaction among organics separated from real treated used water 
may facilitate the removal of those troublesome fractions in water reclamation. 
 
In summary, NF and RO could achieve very high natural organics rejection. Solution 
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chemistry, membrane charge, and the presence of inorganics or other organic matters, 
seem to be major factors affecting organics rejection by membrane technology. 
Despite considerable efforts have been directed at membrane technology, the 
fundamental understanding on trace organics rejection by RO/NF membrane is still not 
well understood. For example, although simple models such as solution-diffusion 
based and pore transport mechanisms could describe the rejection and flux behaviors 
in terms of salts separation by RO (Ho and Sirkar, 1992; Bhattacharyya et al., 1998), 
this class of models may not be applicable to dilute organic-water system, such as 
reclaimed water. Wiesner et al. (1992) pointed out that the solution diffusion model 
had a lower predictive capability for organic solutes. Guizard et al. (1991) introduced a 
reflection factor to describe the NF heteroporosity in order to estimate the extent to 
which either of the processes (diffusion or sieving) is involved. 
 
2.4.5 Membrane Transport Model 
Many mechanistic and mathematical models have been proposed to describe 
membrane separation process. Some of these descriptions rely on relatively simple 
concepts; others are far more complex and require sophisticated solution techniques 
(Williams et al., 1999). Depending on the membrane characteristics, diffusion, pore 
flow, Donnan electric exclusion and adsorption may all be important to the rejection of 
organic matters. 
 
One of the earliest models proposed is the solution-diffusion (SD) model (Eqs. 2.1 and 
2.2) which is based on the principle of membrane diffusion through a dense layer in 
response to a gradient in the chemical potential (Lonsdale et al., 1965). 




w                                                                                         (2.1) 
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J −= δ                                                                                                     (2.2) 
where,  
Jw = water flux, m3/m2⋅s; 
Dwm = water diffusivity in membrane, m2/s; 
Cwm = membrane water concentration, mol/m3; 
wV = partial molar volume of water, m
3/mol; 
Rg = molar gas constant, J/Kmol; 
T = temperature, K; 
δ = membrane thickness, m; 
∆P = applied pressure difference, Pa; and 
∆π = transmembrane osmotic pressure difference, Pa. 
Ji = solute i flux, mol/m2⋅s; 
Dim = solute i diffusivity in membrane, m2/s; 
Cim = solute i concentration at membrane feed side, mol/m3; 
Cie = solute i concentration at membrane permeate side, mol/m3; 
 
The membrane water diffusivity, Dwm, and membrane water concentration, Cwm, are 
assumed to be constant at a particular temperature. In the case of dilute organics, this 
model fails to predict flux behaviour unless membrane-organic interaction terms can 
be included. Moreover, organics separation (solute flux) prediction cannot be achieved 
with this model without incorporation of an additional pressure-induced solute 
transport parameter (Burgoff et al., 1980). 
 
The preferential sorption-capillary flow model (Eqs. 2.3 and 2.4) proposed by 
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Sourirajan (1970), on the other hand, assumes membrane material is highly porous and 
heterogeneous. Separation is achieved by the formation of an adsorbed water film 
which acts as a barrier layer for the solute molecules, on the membrane surface. 
However, it may not work for RO membranes as they are assumed non-porous. 
( ) ( )[ ]{ }spsfw xxPAN ππ −−∆=                                                                                     (2.3) 
( )spsfsmSTs xxl DKCN −=                                                                                             (2.4) 
where,  
Nw = water flux, m3/m2⋅s; 
A = pure water permeability constant, m3/ m2⋅s⋅Pa; 
∆P = applied pressure difference, Pa; 
π = osmotic pressure, Pa; 
xsf = solute concentration in feed, mol/m3; 
xsp = solute concentration in permeate, mol/m3; 
Ns = solute flux, mol/m2⋅s; 
CT = total molar concentration, mol/m3; 
Ks = solute distribution coefficient, m3/mol; 
Dsm = solute diffusivity in membrane, m2/s; and 
l = membrane thickness, m; 
 
For charged NF and RO membranes, the prediction of solute rejection will require the 
incorporation of both diffusion and electric repulsion (Donnan exclusion). The Nernst-
Planck equation (Eq. 2.5) can be applied to these types of systems (Bowen and 
Mukhtar, 1996; Hall et al., 1997; Peeters et al., 1998). Application of this model 
requires determining the charge density by theory or ion-exchange capacity of the 
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membrane, charge density as a function of pH, transport parameters for diffusion and 
ion velocity, and distribution coefficients. Thus, on the basis of Donnan exclusion 
model, a strong dependency of organics separation on the degree of ionisation of solute 
will be expected. However, the current applications of this model were mostly 
restricted to inorganic ions matrix. 














γln−−+=                                   (2.5) 
where, 
Jj = flux of ion j, mol/m2⋅s; 
Jw = water flux, m3/m2⋅s; 
cj(m) = ion j concentration in membrane, mol/m3; 
zj = charge of ion j; 
F = Faraday’s constant, 96.500 coulombs/mol; 
E = Donnan potential, V; 
Rg = molar gas constant, J/Kmol; 
T = temperature, K; 
Dj(m) = diffusivity of ion j in membrane, m2/s; 
x = membrane thickness, m; and 
γj(m) = activity coefficient of ion j in membrane. 
 
Although many different mass transport theories have been developed as mentioned, 
most of them only describe the steady-state condition of the membrane process. For 
organics separation with RO and NF, although literature contains many reports on 
dilute organics separation (Reimann, 1997; Rosa and Norberta de Pinho, 1994) and the 
importance of solute functionality (Todtheide et al., 1997; Laufenberg et al., 1996), 
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much work is still needed to understand the separation behaviour of organic solutes 
that may strongly interact with membrane polymers. However, currently available 
studies on organics transport model through RO/NF membranes are all based on 
certain types of compounds, such as study on various substituted, nonionized phenolic 
compounds with a modified steady-state solution diffusion model and an unsteady-
state diffusion adsorption model by Williams et al. (1999). Study on a protein (bovine 
serum albumin BSA) and humic acid (Suwannee River humic acid) with Reaction-
Controlled Adsorption Model (R-CAM) was also reported by Jones and O’Melia 
(2000). However, the results based on certain compound or particular organics group 
were not able to be extended to describe the transport behaviours of the complex 
DOMs in reclaimed water. Thus, it has been noted that the transport behaviour of 
organics in treated used water through RO/NF membrane is still unexplored. 
 
2.5 Current Status and Research Needs 
Global water shortage is an issue that is inflating in magnitude, severity and urgency. 
Escalating water needs is the outcome of world population growth of almost 1 billion 
per decade, with almost four-fifths in urban areas (Kim et al., 2002). The global search 
for alternative water source began some decades ago and has found two promising 
options: seawater desalination and used water reclamation. Desalination has been 
considered a possible option to provide additional water. However, although there has 
been rapid development in desalination, its operation is still relatively costly because 
of high-energy consumption. Parallel efforts have also been directed at exploring the 
option of used water reclamation. One of the solutions is to reuse water by reclaiming 
used water. In most countries, used water undergoes secondary treatment before 
discharge to the nearby watercourse. Further treatment of the secondary effluent to a 
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reusable standard is technologically feasible.  
 
In the recent decades, membrane filtration becomes a novel technology in used water 
reclamation. Rapid advances in membrane technology in recent years have resulted in 
improvement in membrane performances and increased rejection to contaminants. 
Reverse osmosis or nanofiltration, with pre-treatment by microfiltration, was found to 
be the most promising techniques for reclaiming secondary effluent. However, the 
various pollutants present in the secondary effluent, especially organics that are 
receiving increasing concerns due to their potential health effects, have imposed 
considerable challenges to the operation and performance of membrane processes. In 
view of this, the study on the organics rejection by RO/NF membrane becomes the 
main concern of this study. 
 
To study organics rejection by RO/NF, the characterization of the chemical 
composition of dissolved organic compounds, in terms of hydrophobicity and 
functional groups, is the important area of research that requires further examination. 
In principle, a systematic study on structural characteristics and the reactivity of 
organic matters requires isolation of specific organic mater from source water. 
However, it is not practical to analyze for each individual chemical compound present 
in dissolved organic matters (DOMs) as it is both time consuming and a great scientific 
challenge that could not be overcome till this juncture. In view of this constraint, 
surrogate characterization methods have often been sought for investigating 
interrelationships between DOMs and their rejection. An ideal process of such 
isolation should provide rapid extraction of large quantities of DOMs from water 
without chemical alteration, and/or other losses (Sun et al., 1995). It is critical that the 
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isolation process could provide large recoveries and preserve the original reactivity of 
the DOMs present in the source to enable a realistic characterization effort and 
reactivity studies. A review of literature revealed that resin adsorption 
chromatographic method represents the most commonly used surrogate 
characterization method for studying organic matters present in an aqueous 
environment. Several advantages of resin adsorption chromatographic method have 
been documented (Goel et al., 1995). These include quantitative isolation by DOC 
analysis as well as simple and rapid method for large volume of water. Although 
fractionation method has been commonly applied for characterization of water samples 
(Fujita et al., 1996; Ma et al., 2001), the treatbility of the isolated fractions are not well 
studied. The study of organics rejections at fraction level will provide a more in-depth 
understanding on the rejections mechanisms compared with those study based on 
overall TOC; and the results should be more useful for water reclamation compared 
with those observation obtained based on pure target chemicals. 
 
In view of the above, it is desirable to investigate the rejection characteristics of 
organics fractions isolated from treated secondary effluent by using RO/NF process. 
Understanding treatment efficiencies of RO/NF process at organics fractions level 
(with respect to each of the isolated fractions derived from the secondary effluent) 
would facilitate development of novel treatment system for removing organics that are 
with health concern and subsequently preventing and controlling their presence in 
treated water. Development based on the currently available results of the overall 
organic concentration might fail, because although generally high removal may be 
achieved for TOC, the small portion left after the process might be the more toxic 
fractions. In addition, rejection performance of membrane may vary substantially due 
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to different composition of DOMs encountered. Therefore, if process can be designed 
with a better understanding on the rejection mechanisms for different characteristics of 
organics fractions, more focuses could be placed on the more toxic but less retained 
fractions. In addition to comprehensively assess the removal efficiencies of organics 
fractions by RO/NF, it is desirable to relate fraction characterization data to the 
rejection of organics fractions in a treatment train. The results from this type of study 
could provide useful information on mechanisms for organics rejection by RO/NF 
membrane. 
 
As discussed in Section 2.4, much work is still needed to be established on separation 
behaviour of organic solutes that may interact with membrane polymers, which may 
consist of sorption on the hydrophobic domain, specific interactions with polymer 
hydrophilic sites, and electrostatic interactions with membrane charged groups. 
Although literature contains many reports in related areas (Duranceau et al., 1992; 
Hwang et al., 1998; Laufenberg et al., 1996), these studies only focus on certain types 
of selected organic compounds. Results from a single solution cannot be extrapolated 
to mixtures. There is, therefore, a need to investigate the rejection of the complex 
organics in the secondary effluent by RO/NF membrane at fraction level. 
 
For organics separation with RO and NF, the organics present can be adsorbed on the 
membrane surface as they are transported across the membrane. As a result, transient 
behaviour will not be readily described by solute flux. Thus, it is desirable to 
investigate adsorption behaviour at a sub-macro level for modelling the adsorption 
isotherms of the organics fractions and thus to understand the effect of adsorption on 
the transient behaviour of organics transport related to water reclamation. 
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Electrostatic interactions of charged organics molecules with membrane charged 
groups are another important interaction affecting the separation behaviour of organic 
solutes by RO/NF membrane. Charge properties of DOC in natural waters provide 
important information on organic acidity, and have been indirectly and directly 
characterized by both electroneutrality and titration approaches (Oliver et al., 1983; 
McKnight et al., 1985). Using solution cation-anion balances, an estimation of the 
organic anion contribution can be defined by the anion deficit (Kortelainen et al., 
1987). On the other hand, it has been found that effective charge of a membrane 
depends on pH and ionic strength, which influence functional group dissociation and 
double layer effects. The different behaviours of organic acids and bases at different 
pH conditions and the variations of the membrane charge intensity at different pH 
levels or ionic strength conditions will affect the rejection of these organic acids and 
bases. A thorough understanding of the interrelation between membrane performance 
and pH and ionic strength is of paramount importance in membrane research to extend 
the currently salts based electric exclusion theory to organics rejections. It is therefore 
desirable to study the rejection performance of acid and base organics fractions, under 
different pH/ionic strength conditions. 
 
The studies at the fraction level for the rejection of organics in reclaimed water by 
RO/NF will provide a fundmental understanding on organics rejection mechanisms. 
However, in real secondary effluent, the organics fractions all exist in one solution. 
Therefore, the interaction will occur among the different organics fractions, which 
should be more on the macro-level compared with the available results on interactions 
between different pure compounds in literature (Ohlenbusch et al., 2000; Scltanieh and 
Sahebdelfar, 2001). Some single fractions, like positively charged base fractions, tend 
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to have a much lower rejection by the negatively charged membrane. Improvement on 
the removal of these fractions will become an important issue. From the literature 
review, interaction was found to have some beneficial effects on the organics removal 
(Agui et al., 1992). Therefore, it is desirable to mix fractions with poor rejection 
characteristics with other fractions before passing through the membrane in order to 
investigate whether interaction could enhance their rejection performance. 
 
40 
Chapter Three-Materials and Methods 
CHAPTER THREE 




A series of experimental works were carried out to attain the objectives outlined in 
Chapter One. Broadly, this research can be divided into two major successive phases; 
namely Preliminary Study on Organics Rejection, and Organic Rejection Mechanism 
Study. 
 
Preparation—Set-up of Membrane System: During this period, the multi-barrier 
dual-membrane system and the cross-flow cell membrane system were designed and 
commissioned in the Environmental Laboratory of the Department of Civil 
Engineering, the National University of Singapore. 
 
Preparation—Organics Fraction Preparation: To fulfill the objectives, dissolved 
organic matters (DOMs) were fractionated into six groups based on their 
hydrophobicity or hydrophilicity and charge properties. Study on the separated 
organics fractions, which was conducted subsequently, enabled the understanding of 
organics rejection mechanisms by membrane caused by the particular organics fraction. 
 
Phase I—Preliminary Study on Organics Rejection: In this phase, a preliminary 
study was conducted to confirm the existence and importance of the objectives 
proposed. The multi-barrier dual-membrane system were adopted as it is able to give a 
high permeate flux. Rejections by RO for each of the 6 single fractions and the mixture 
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of all fractions (MF filtrate) were investigated. 
 
Phase II—Organics Rejection Mechanisms Study: Three major mechanisms were 
selected based on preliminary results, and then carefully studied in this part of the 
study. 
 
II-1. Adsorption Study: In view of the desire to better understand the adsorption 
behaviors of trace organics onto the membrane surface, the main aim of this part of the 
study was to investigate the adsorption and retention behaviors of neutral organics 
fractions present in treated effluent by three commercially available reverse osmosis 
and two nanofiltration membranes, under controlled laboratory conditions. The uses of 
neutral fractions enable one to exclude the effects of charge interactions between 
organics and membrane materials. Adsorption isotherm and modelling of maximum 
adsorption capacity were obtained through static study. The cross-flow cell membrane 
system was used in dynamic study, to keep the transport phenomena simple and easy 
to understand. 
 
II-2. Electric Exclusion Study: This part of research focused on the retention 
behaviours of acid/base organics fractions present in treated effluent, under different 
pH and ionic strength conditions. The zeta potentials of each membrane material under 
different pH conditions, were also analyzed to help in explaining the separation results. 
From these results, a better understanding on the electric exclusion mechanism could 
be obtained. 
 
II-3. Interaction Study: This part of research explored the possible improvement of 
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the retention behaviours for a certain fraction, which is most difficult to be rejected. 
Mixing of the least-rejected faction with some other fractions, and subsequently 
passing through the membrane may provide information about the interaction effect on 
the organics rejection by membrane. 
 
3.2 Experimental Set-up and Configuration 
In order to remove the dissolved organic matters (DOMs) in reclaimed water, RO/NF 
was chosen as the main process because of its retention characteristics. Pretreatment 
was necessary as the raw water was treated sewage. Compared with the conventional 
pretreatment, a review of literature revealed that MF and UF processes could facilitate 
higher RO flux rates and longer RO cleaning intervals, as well as lower capital and 
operation costs (Durham et al., 2002; Reith and Birkenhead, 1998). Both MF and UF 
processes have been shown to provide similar performance as pre-treatment system for 
RO. However, it has been reported that the unit treatment cost (including the capital 
and O&M) are about $0.15/m3 and $0.20/m3 for MF and UF, respectively, for a plant 
with a capacity of 3800 m3/d (Adham et al., 1996). In view of this, MF was chosen as 
the pretreatment for RO as it is more economical. 
 
A lab-scale multi-barrier dual-membrane system (Nimbus, U.S.A.) was employed for 
the preliminary study on organics rejection. In order to obtain the fundamental 
understanding of RO/NF membrane for rejecting trace organics, a low pressure cross-
flow cell system (Osmonics, U.S.A.) was employed in the later stage of study. 
 
3.2.1 Multi-barrier Dual-Membrane System 
A low pressure MF unit was used as the pretreatment system for the multi-barrier 
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membrane system. RO, with a moderate applied pressure, was used to separate low 
MW solutes (salts, glucose, lactose, micropollutants) based on differences in solubility 
and diffusivity derived from treated effluent (Mulder, 1996). The schematic diagram of 
the lab-scale multi-barrier dual-membrane system is shown in Figure 3.1. Plates 3.1 
































F ——Flowrate meter;   
 P
——Pressure Gauge;   S ——Sampling point;   ——Valve; 
                   ——backwashing line 
Figure 3.1  Schematic diagram of the multi-barrier dual-membrane system 
 
Table 3.1  Geometry parameters of the lab-scale reclamation system 
Reactor geometry Prefilter Microfiltration Reverse Osmosis 
Model — OSMONICS-DESAL™ E-500 NIMBUS™ H-400 
Pore size 5 micron 0.05 micron — 
Type of the filter Cartridge Hollow fibre TFM™ Spiral Wound
Material — Polysulfone Polyamide 
Outside diameter (inch)   2.5 
Length (inch) 10 10 12 
pH range  2.0-11.0 4.0-11.0 
Chlorine tolerance  5000+ ppm days 1000 ppm days 




PVA 98; Dextran 68-96; 
Polyethylene Glycol 30-93#
94-99* 
#Technical report from Osmonics. 
*http://www.waterfiltersonline.com/comparisons.asp#tfc 
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Plate 3.2  The photo of multi-barrier dual-membrane system (back-view) 
 
45 
Chapter Three-Materials and Methods 
As shown in Plate 3.2, a cartridge filter was employed as feed water pretreatment unit 
for MF to remove large particles as well as to maintain transmembrane flux rates and 
to retard fouling. The flow meter and two pressure gauges on left side (Plate 3.1) 
monitored the flux and pressures of inlet and outlet of MF membrane. There were three 
flow meters and pressure gauges for the three lines of RO membrane: feed, permeate, 
reject, respectively. The control of valves in the front would direct the flow to normal 
operation or backwashing. The online TDS sensors could serve as real-time monitoring 
system for the membrane performances. 
 
3.2.2 Backwash for Microfiltration 
In order to prevent the continuous accumulation of solids on the MF membrane surface, 
backwashing of the membrane was performed regularly. Unlike conventional media 
filtration, the backwashing cycle takes only a few minutes. Both liquid and gas 
backwashing could be employed for MF membrane. Liquid backwashing, which is 
usually performed for inside-out membranes, was adopted in this study (Figure 3.1). 
 
When the transmembrane pressure reached a certain level (above 5 psi), backwash 
started in order to reduce the pressure needed to maintain a specified transmembrane 
water flux rate. 50L of ultra-pure water was filled into the same feed tank, and the 
system was adjusted to the backwash mode. Then, the clean water was pumped into 
the system for one-pass run at about 12 psi pressure. After the rinsing, the remaining 
water in the MF and Pre-filter modules was excluded. 
 
3.2.3 Cleaning for RO Membrane 
RO membranes were cleaned regularly during the operating life. The frequency and 
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type of cleaning depend on the quality of the feed stream. Triclean™ 214TF (Trisep 
Corporation, U.S.A.), a high pH liquid cleaner, was used to remove organics and 
biological foulants within the membrane element. The cleaner would also remove 
silica, silt, emulsified oil, particles/colloids, and colloidal silica clay. Trisep 
Corporation Cleaning (TSC) and Rinsing (TSR) methods were adopted in this study. 
The procedure is summarized as follows: 
0.454 kg of Triclean 214TF was added to every 55 L water in RO feed tank and the 
content was recirculated until completely dissolved. The solution was pumped into RO 
until flow was visible coming from the concentrate line. The pump was then shutdown 
and the RO unit was allowed to static soak for 1 hour. The solution tank was 
thoroughly rinsed out and flushed with RO permeate or ultra-pure water. The pH of 
water in solution tank and pH of concentrate water were monitored. When both pH 
readings were similar, one more tank volume of water was flushed through the vessels. 
The RO manifolds was then returned to normal operating condition and operated at 
low water pressure (<20 psi) only for a minimum of 15 min to flush out all air from the 
system. Thereafter, the RO system was operated at normal operating conditions for a 
minimum of 30 min. Conductivity of concentrate and product waters were monitored 
until they were similar to their pre-cleaning readings, to avoid system error due to the 
change of pressure during the cleaning process. 
 
3.2.4 Low-pressure Cross-flow Cell System 
The membrane cell system (OSMONICS, Sepa Cell System, U.S.A.) was a cross-flow 
filtration cell as shown in Figure 3.2. The membranes used in this investigation were 
typically commercial flat-sheet membranes.  
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Figure 3.2  Schematic diagram of a SEPA Cell filtration unit 
——Feed Pump; ——By-pass Valve; ——Pressure Gauge 
    
(a)                                                                    (b) 
Plate 3.3  The photo of cell membrane system 






The valve beside the power switch controlled the by-pass flow (Plate 3.3). The rest of 
water was fed into the two flat-sheet membrane cells by the pump. Permeate and reject 
lines of the both cells were directed back to the feed tank. The pressure gauge in the 
feed line monitored the feed pressure. The pressures in permeate and rejection were 
assumed as zero because of the open outlet. 
 
Five types of membranes (OSMONICS, Sepa membranes, U.S.A.) with designations 
given by the manufacturer as AG, SG, ST-28, HL and SP-28 were used. AG, SG and 
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ST-28 were RO membranes made of polyamide (PA), Thin Film (TF) and cellulose 
acetate (CA) polymers, respectively. HL and SP-28 membranes were NF membranes 
made of TF and CA polymers, respectively. Detailed information about the membranes 
is provided in Table 3.2. 
Table 3.2  Flat sheet membranes 







AG RO PA 99.5 4-11 26/225 
Brackish Water 
Desalination; 
Reactive Silica Removal 
SG RO TF 98.2 2-11 22/225 
Dyehouse Used water 
Reclamation; 
Fruit Juice Concentration;
Laundry Used water 
Reclamation; 
CE (ST-28) RO CA 97 2-8 23.5/420 Brackish Water Desalination 
HL NF TF 98-MgSO4 3-9 39/100 Water Softening 
CK (SP-28) NF CA 92-2K Na2SO4 2-8 28/220 
Water Softening 
* Salt rejection is based on NaCl, if not indicated. 
 
3.2.5 Operational Conditions 
The transmembrane pressure (TMP) is an important parameter for defining the 
performance of a pressure-driven membrane filtration. TMP is the driving force which 
would directly affect the water flux and solute flux during the membrane separation 
process, for all the membranes used in this study. As shown in Figures 3.1 and 3.2, 
pressure gauges (material: SS and glyserine filled) were installed in corresponding 
lines of the membrane system. For the dual-membrane reclamation system, the 
transmembrane pressure could be calculated by using the readings of those pressure 
gauges (Eq. 3.1). For the membrane cell system, only feed pressure need to be 
monitored since the permeate side was open to atmosphere and the pressure in 
permeate would therefore be zero.  
)OutFliter(essurePr)InFilter(essurePrTMP −=                                            (3.1) 
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Flux in each line of the membrane system was also measured. The recovery rate was 
computed as the ratio between the permeate flow and the feed flow (Eq. 3.2). Its value 
shows the productivity of a membrane system. For a given module, it is theoretically 
advantageous to operate at a high recovery rate as it minimized the capital costs 
associated with pump and pipes as well as energy cost. Economic Panel Mount 
Flowmeters (Blue-White Industries, USA) were installed in the pipe lines to monitor 
the flow rate of the dual-membrane system. The recovery rate used in this study was 





LFlowPermeateRateery                                            (3.2) 
 
3.3 Fractionation Process 
The fractionation method used in this study was basically based on the procedure 
developed by Leenheer (1981) and Thurman (1985) except that the anion exchange 
resin Duolite A-7 was substituted by Amberlite IRA-96, since this type of resin was 
also suggested for fractionation process by Chang et al. (2002) and it was readily 
available. In this study, the resins used comprised of Supelite™ XAD-8 resin 
(SUPELCO, U.S.A.), AG MP-50 cation exchange resin (Bio Rad, U.S.A.) and 
Amberlite IRA-96 anion exchange resin (Rohm and Haas, France). They were pre-
purified using the Soxhlet extraction method described by Leenheer (1981). 
 
The fractionation was carried out by using borosilicate glass chromatography columns 
manufactured by Omnifit, England (i.d = 25mm x 100mm). Teflon connection tubings 
and Masterflex silicon rubber tubings were used to connect the column to a Cole-
Palmer (U.S.A.) pump (size 14, 6-600 rpm) and jerry can containing sample water. 
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Cable ties were used to fasten the joint of the Teflon and Masterflex tubing to prevent 
leakage of water during runs. Prior to the fractionation process, the columns, endpieces 
and the accompanying frits for uniform water distribution were washed with HCl acid 
(~0.3M) to remove trace carbon. The frits were replaced after each run. Resins were 
slowly transferred to the column and a resin height to column diameter of 
approximately 4:1 was used. The service flow rate used for XAD8 resin was about 15 
BV/hr; while the service flow rates used for ion exchange resins were about 30 BV/hr. 
0.1N NaOH 
A





0.1 N HCl 
Hypho-B 
t 
Figure 3.3  Isolatio
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L (according to resin capacity) water sample was introduced and passed through three 
types of resins (Figure 3.3). The compounds adsorbed by the first XAD-8 resin column 
were eluted using 100 ml 0.1N HCl, defined as Hypho-B. The filtrate was acidified to 
pH 2 with 2M HCl and then re-introduced into another XAD-8 column. The organic 
matters adsorbed by the second XAD-8 resin column were eluted using 100 ml 0.1N 
NaOH as a brownish solution containing HA (humic acids) and FA (fulvic acids). By 
adjusting pH to 1 by 2M HCl, FA and HA were separated by passing through a 
membrane of 0.45µm pore size. Residuals on the membrane were defined as HA and 
filtered solution was denoted as FA. After isolating HA and FA, the second XAD-8 
resin column was dried at 60°C and the residual matters were washed out by methanol 
(50ml) to get the Hypho-N. A vacuum concentration instrument (BÜCHI Rotavapor R-
124, Switzerland) combined with high purity nitrogen gas was used to concentrate this 
solution. The Rotavapor was operated under a vacuum pressure around 900 mbar and a 
temperature of 62°C with a rotation speed of 50 rpm, and the whole process lasted for 
20-30 min. 
 
The portion that passed through the second XAD-8 resin column, which contained 
only hydrophilic solutes, was pumped through the AG-MP-50 cation-exchange resin 
column. Hyphi-B retained on this cantion-exchange resin, was eluted by 100 ml 2M 
HCl. The filtrate was pumped through the IRA-96 anion-exchange resin column and 
the Hyphi-A absorbed on this resin was eluted with 100 ml 1M NaOH. The final 
effluent, which passed through three types of resins, was defined as Hyphi-N. 
 
3.4 Sampling and Analysis Methods 
Sampling and measurement methods used to evaluate the effects of various factors on 
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the rejection performance of the membrane systems are described in the subsequent 
sections. 
 
3.4.1 Water Sampling and Analysis 
All water samples were collected into carbon-free glass duran bottles as the major 
concern in this research is dissolved organic carbon in the reclaimed water. All the 
glassware was rendered organic-carbon-free by soaking in 0.1N HCl overnight and 
combusted at 550°C for 6 hours. Plastic caps of duran bottles were cleaned by soaking 
in 10% (w/v) sodium persulfate at 60°C for 1 hour and rinsed with carbon-free 
deionized water. 
 
3.4.1.1 Water Sampling 
The secondary effluent was collected from a local Sewage Treatment Works (from a 
ditch that was 50 m away from the secondary clarifier). The water sample was 
collected and transported to the laboratory within 3 hours and stored at 0-4°C before 
use. 
 
In Phase I, every batch of experiment was run with the multi-barrier dual-membrane 
system for at least 2 hours to reach a steady-state condition before samples were 
collected for analysis. The samples included Feed Water; MF Product Water, which 
was also the feed water of the RO membrane; RO Product Water; and RO Reject 
Water. All the samples were collected from the sampling points shown in Figure 3.1. 
All samples were collected into carbon-free glass duran bottles, normally 100 mL for 
every parameter. The samples for TDS, temperature, turbidity will be tested 
immediately after collection. The sample for those not able to be tested immediately 
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were stored in the 4°C store room. The storage time is normally less than 24 hr. 
 
In Phase II of the study, the cross-flow cell system was used. A 3 hours operation was 
conducted to reach a steady-state condition for batch experiments in Parts II-2 and II-3; 
while in dynamic adsorption study (Part II-1), samples were taken periodically over the 
time frame for analysis. 
 
3.4.1.2 TOC and UV254 Analysis 
TOC (total organic carbon) is a key parameter for RO membrane systems. It serves as 
an indication of the predominated organic contaminants to be removed by RO/NF 
system, or the contaminants that contribute to organic and/or bacterial fouling of the 
membrane. Thus, TOC is the most important parameter for evaluating the membrane 
performance, in terms of organics rejection. Ultraviolet absorption at a wavelength of 
254 nanometers (nm) (UV254) (measured in cm–1) was also measured to calculate the 
specific ultraviolet absorption (SUVA), which means specific ultraviolet absorption at 
254 nm and is an indicator of the humic content of water.  
)/(254 LmgDOCUVSUVA =                                                                                    (3.3) 
Plate 3.4  O. I. Analytical 1010 Total 
Organic Carbon Analyzer 
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Samples for TOC analysis were filtered through 0.45 µm pore size filter papers (GN-6 
Grid 47 mm, 0.45 µm, Gelman Science, USA). O. I. Analytical 1010 Total Organic 
Carbon Analyser was used to analyse TOC using software package WinTOC® Model 
1010 for Windows (from O. I. Analytical, U.S.A.). The O. I. Analytical 1010 Total 
Organic Carbon Analyser used the US Environmental Protection Agency approved 
persulfate oxidation method (EPA Method 415.2) for analysis of samples containing 2 
ppb to 10,000 ppm of organic carbon (Plate 3.4). A SHIMADZU (Japan) UV-160A 
UV-Visible Spectrophotometer was used for UV254 measurements (Plate 3.5) based on 
the Standard Methods 20th edition section 5910 B (ultraviolet absorption method) 
(APHA, 1995). 
 
3.4.1.3 TDS Analysis 
Total dissolved solid (TDS) is a measurement of the total weight of impurities found in 
water. Although it is a general parameter, it does permit a quick and rough estimate of 
the performance of membrane. The HANNA (U.S.A.) online TDS controller, 
HI983318 and HI983329, were incorporated into the system to monitor the permeate 
quality of MF and RO, respectively (Plate 3.1). For batch sample analysis, ultra-pure 
water rinsed sensor (HANNA, U.S.A.) was placed into the sample and a stable reading 
was obtained after a few seconds. Normally, three repetitions were carried out for each 
sample. 
 
3.4.1.4 Molecular Weight Analysis 
Molecular weight (MW) of the organic matters is an important parameter as it provides 
the range of the molecular size of a particular organics fraction. Molecular size will 
affect the organics adsorption behaviour on membrane surface and the rejection 
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characteristic based on size exclusion. High performance liquid chromatography 
(HPLC) measurement was adopted to analyze the MW of a particular fraction. The 
measurement was based on the separation of a solutes mixture occurs between the 
stationary phase (porous beads) and mobile phase (ultra-pure water for our samples) 
due to the differences in affinity for the stationary phase; the different responses sent to 
the detector would be shown in chromatography. A SHIMADZU (Japan) HPLC 
instrument LC-10AT VP (Plate 3.6) was used in this study. Data was collected and 
processed by Class-VP6.12 (SHIMADZU) data analysis software. The injection 
volume was 20 µL by a RIL-10AD VP auto injector. The mobile phase was water. A 
flow-rate of 1 mL/min for the mobile phase was applied and a column temperature of 
40°C was maintained by column oven (CTO-10A VP). The detection wavelength was 
254 nm. The detector used is Diode array detector (SPD-M10A VP). 
 
Plate 3.6  High performance liquid chromatography (HPLC) 
 
3.4.1.5 pH and Temperature Analysis 
Analysis of physic-chemical parameters, such as pH and temperature were performed 
in accordance with Standard Methods (APHA, 1995). The pH determines the 
percentage of inorganic carbon that is in the form of carbon dioxide, bicarbonate, or 
carbonate. It also determines the extent to which carbon dioxide will appear in the 
permeate water, or whether calcium carbonate is likely to precipitate. A HORIBA 
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(Japan) F-24 pH/ion meter was used to determine the pH and temperature immediately 
after sampling as it affects the membrane flux.  
 
3.4.1.6 Ion Analysis 
A Dionex (U.S.A.) ion chromatography (IC) DX 500 system using a DS3 detection 
stabilizer detector was used to determine the concentration of ions in the water sample 
(Plate 3.7). The anion and cation eluants used were 0.5 M sodium carbonate 
concentrate and 0.5 M sulfuric acid, respectively. AS9-HC-4mm and CS12A were the 
respective anion and cation columns used. During the analysis, a water sample of 100 
µL was injected manually or automatically by the autosampler (Kontron MSI 660 T) 
into a stream of carbonate-bicarbonate eluant and passed through a series of ion 
exchangers. The ions of interests (cations: Li+, Na+, NH4+, K+, Mg2+, Ca2+ ; anions: F-, 
Cl-, NO2-, Br-, NO3-, PO43-, SO42-) were separated on the basis of their relative 
affinities for a low capacity anion/cation exchanger (guard and separator columns). 
The separated ions were directed through a hollow fibre cation exchanger membrane 
(fibre suppressor) or micro-membrane suppressor bathed in regenerant solution. In the 
suppressor, the separated ions were converted to their highly conductive acid forms 
and the carbonate-bicarbonate eluant was converted to weakly conductive carbonic 
acid. They were identified on the basis of retention time as compared to standards. 
Quantity was determined by measurement of peak area. The detailed procedures for 
operating the machine could be found in the Dionex DX 500 and PeakNet Manuals or 
online help on CD (Dionex, U.S.A.). 
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Plate 3.7  The Dionex Ion Chromatography System 
 
3.4.1.7 Fraction Charge Measurement 
Potentiometric titration is specially used in the part of study on electric exclusion 
mechanism, to investigate the charge of organic acid/base fractions. For the 
potentiometric titration, 50 mL of organic acid/base solution with a known 
concentration (x mg/L) was prepared with ultrapure water. The solution was then 
titrated by addition of 0.01mol/L NaOH (acid fractions) or 0.01mol/L HCl (base 
fractions). Based on the amount of NaOH/HCl added and the pH value of the organic 
solution, the concentration of ionized functional groups for each fraction was 
calculated by dividing the amount of NaOH/HCl added in titration by the amount of 
material titrated. 
50x µg = x mg/L×50mL                                                                                               (3.4) 
 
3.4.1.8 Membrane Surface Analysis 
Pore characteristics, surface roughness and hydrophobicity of the membrane materials 
will affect the rejection characteristic and the adsorption behaviour of organic matters. 
For example, charge property of membrane surface will affect the separation due to 
electric exclusion mechanism. It is therefore necessary to investigate how membrane 
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property will affect organics removal from reclaimed water. 
 
 
Plate 3.8  The XL30 FEG Scanning Electron Microscopy (SEM) 
 
In this study, a Scanning Electron Microscopy (SEM), Phillips XL30 FEG SEM, was 
used to investigate the structure of the membrane surface (Plate 3.8). SEM is able to 
provide a 2-D view of the membranes and was used to characterize the pore size of 
clean membranes. The XL30 FEG’s field emission system employs the Schottky-based 
gun design developed by Philips. Optimized for high brightness/high beam current 
operation, this ultra-stable electron source significantly extends the use of high spatial 
resolution combined with quality elemental analysis. The procedure of preparing 
membrane for SEM viewing involved filtering or pre-cleaning, fixation, dehydration, 
critical point drying and gold coating. Small sample pieces (15mm by 15mm) were cut 
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Plate 3.9  The MultiMode™ AFM scanning probe microscope 
 
The Atomic Force Microscopy (AFM) used in this study was a multimode scanning 
AFM (Digital Instruments, USA) (Plate 3.9). Clean membrane coupon (5mm by 5mm) 
was attached to steel discs with double-sided tape and allowed to air dry before AFM 
scanning was performed under the microscope. Microphotographs have been obtained 
for at least six different samples randomly chosen from different batches of each 
membrane type. Membrane samples were imaged in TappingMode in air operation. 
TappingMode AFM measures topography by tapping the surface with an oscillating 
cantilever tip. This eliminates shear forces which can damage soft samples and reduce 
image resolution. The properties and dimensions of the cantilever play an important 
role in determining the sensitivity and resolution of the AFM. In this work, silicon 
cantilevers were used. The cantilever was oscillated at or near its resonance frequency 
with amplitude ranging typically from 20 nm to 100 nm. Characteristics of the used 
silicon cantilevers include: resonance frequency 200 to 400 Hz, normal tip radius of 
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curvature 5 to 10 nm and cantilever length 125 µm. A scan rate of 1 Hz was used with 
256 x 256 pixel resolution. The top-view images were obtained in the area of 10µm × 
10µm. Both the root mean square of Z values (Rms) and mean roughness (Ra) were 
used to express differences in the membrane surface morphology, where Rms is the 
standard deviation of Z values with the specific area, Ra is defined as the mean value 
of surface profile relative to the calculated center plane. The roughness can be 
determined by AFM analysis software. 
 
Contact angle is an important index of the hydrophobicity of a membrane surface. The 
angle between a water droplet, the membrane surface and air was measured by the 
sessile drop method using a goniometer (Contact Angle Analysis OCA 20, 
DataPhysics Germany) (Plate 3.10). The medium used was Milli-Q water. Detail 
procedures could be found elsewhere (Wang et al., 2004). 
 
 
Plate 3.10  OCA 20 Video-Based Contact Angle 
Meter  
Plate 3.11  EKA Electro Kinetic Analyzer 
 
Zeta potential gives insight into the charge and adsorption properties of various 
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surfaces. The magnitude of the zeta potential is directly related to the magnitude of the 
surface charge. That is the zeta potential measurement reflects surface charge 
properties very well. Streaming potential resulting from the motion of ions 
quantitatively relates with capillaries’ zeta potential. Using an Electro Kinetic 
Analyzer from Anton Paar (Austria), the zeta potential was determined by measuring 
both the streaming potential and specific electrical conductivity of the electrolyte 
solution based on the Fairbrother/Mastin equation (http://www.anton-paar.com). The 
membrane was cut into rectangular shape (5cm × 12cm) with two holes in the corners 
according to the measuring cell. Then the membrane sample needs to be soaked in 
0.001M KCl solution for overnight before analysis. After mounting the appropriate 
measuring cell with sample to the EKA and connected the hoses of the electrolyte 
circulation, the whole system must be filled with electrolyte solution (0.001M KCl). 
Entrapped air bubbles have thereby to be removed form the electrolyte hoses. The 
measurement is PC controlled by the Windows based VisioLab (Anton Paar, Austria) 
for EKA control and evaluation software. The zeta potential was determined based on 
measurement of streaming potential or streaming current at given pH and conductivity. 
 
3.5 Experimental Design for Factors Affecting the Rejection of Organic Matters 
by Membrane 
In order to investigate the mechanisms of organics rejection by RO/NF membranes, 
several series of experiments were conducted to determine the effects of key factors 
(eg. hydrophobicity of organics, charge of organics and membrane surface, etc.) in the 
reclamation process on the removal rate of organics. 
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3.5.1 Preliminary Study on Rejection of Organics Fractions 
The secondary effluent collected was first treated by MF to remove colloidal particles 
and subsequently fractionated using the method described in Section 3.3 (Figure 3.4, 
Phase A). In first part of Phase I, each isolated fraction was subjected to treatment by 
RO process to study the rejection of organic matters using a RO process (Figure 3.4, 
Phase B). After that, the same batch of secondary effluent was pumped to undergo RO 
treatment after MF. The RO feed, RO concentrate and RO permeate were subsequently 
fractionated in accordance with the procedure used in Phase A (i.e. Comparison 
between the various fractions obtained from Phase A with the corresponding fractions 
derived from Phase C in Figure 3.4). These studies were conducted to compare the 
characteristics of secondary effluent before and after RO process. 
 
Figure 3.4  Outline of the preliminary study 
 
3.5.2 Adsorption Effect Study 
The characterization of the chemical composition of dissolved organic compounds in 
terms of molecular weight distribution and molecular size will reveal the 
hydrophobicity of organic matters which is a major factor affecting the adsorptive 
interaction between dilute-organics and membrane. Static adsorption of organics on 
membrane surfaces was investigated to determine the maximum absorbed mass for 
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the membrane cell system was conducted to study the effect of adsorption on the 
organics rejections. 
 
3.5.2.1 Static Adsorption and Desorption 
 to investigate the adsorption capacity of Static adsorption experiments were performed
different membranes. A membrane area of 4.84 cm2 was gently washed using MilliQ 
water after being soaked in ultra-pure water for overnight. As the organic molecules 
could approach the membrane from both sides, double the membrane area (9.68 cm2) 
was used for calculation. The membrane was then cut into small pieces (5mm×5mm) 
and placed in a conical flask containing 40 mL of test organics solution with a known 
initial concentration (>=40ppm, if possible). The flasks were immediately put into an 
automatic incubator shaker (ORBIT, Environ Shaker, Lab-Line Instrument Inc., 
U.S.A.) and shaken with a speed of 100 rpm to ensure a homogeneous solution (Plate 
3.12). A temperature of 27°C was maintained through out the experiment. The 
decrease of the organic concentration, in terms of TOC, in the flasks was monitored to 
calculate the amount of organics being adsorbed onto the membrane surfaces. The 
samples were collected more frequently as most of the adsorption may occur within the 
first two hours. The typical times of collections were 0 min, 15 min, 30 min, 1 hr, 2 hr, 
4 hr, 6 hr, 12 hr, 24 hr, 36 hr…, until the saturation of adsorption was observed 
(maximum duration of the experiment was up to 72 hr for some fractions). Each time, 
1 mL of the sample was taken from the flask and diluted to a range between 1 to 8 ppm, 
for TOC analysis. 
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Plate 3.12  Test samples being shaken at 100 rpm on an automatic shaker 
 
Static desorption experiments were quite similar to the static adsorption experiments, 
except that the membrane used was the saturated absorbed membrane obtained from 
the static adsorption experiments and the original solution in the flasks was blank 
water (ultra-pure water). The increase of the organic concentration, in terms of TOC, 
in the flasks was monitored to calculate the desorption rate. 
 
3.5.2.2 Dynamic Membrane Seperation 
The low-pressure cross-flow cell system was used for this part of study. 100 psi 
pressure and neutral pH was maintained for all the experiments. The membrane 
experiments were performed continuously for a 44-hr period, under both low initial 
feed concentration (1.2-1.6 ppm) and high initial feed concentration (2.5-4.0 ppm) of 
Hpo-N and Hpi-N fractions derived from secondary effluent. Three commercial RO 
(AG, SG and ST-28) and two NF (HL and SP-28) membranes were investigated. 
Neutral pH (pH 7) and TDS concentration of 600 ppm, adjusted using NaCl, were 
applied in the experiments to simulate the conditions of secondary effluent. Samples of 
the feed water and permeate water (50 mL each) were taken at regular time intervals 
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for TOC and TDS characterization. 
 
3.5.3 Charge Effect Study 
pH and ionic strength were found to be major factors affecting the charge of acid/base 
organics fractions as well as the charge of the membrane surface. Batch experiments 
were conducted under different pH or TDS conditions to study the electric exclusion 
effects on organics rejections in water reclamation process. pH 4, 7 and 9 were 
selected since they were the common affordable conditions for all the five types of 
membranes. TDS concentrations of 500, 1000 and 3000 ppm were chosen based on the 
typically treated used water characteristics. 
 
3.5.3.1 pH Effect 
The rejections of hydrophobic acid (Hpo-A), hydrophilic acid (Hpi-A) and hydrophilic 
base (Hpi-B) by three RO (AG, SG and ST-28) and two NF (HL and SP-28) 
membranes were investigated, under different pH conditions. Study on hydrophobic 
base was only conducted for the first two series of experiments. Owing to insufficient 
quantities of hydrophobic bases (~1% of total DOC) derived from fractionation 
process, analysis of this Hpo-B fraction was discontinued. The experiments were 
performed using a cross-flow filtration cell at pH 4, 7 and 9 for a time period of 3 
hours at a temperature of 27°C. The operating pressure was maintained at 100 psi. The 
ionic strength of the feed water at the respective pH levels was also adjusted to the 
same value (TDS 600 ppm) to eliminate the effect of different ionic strengths on the 
rejection so that the results obtained could correlate directly to the parameter that was 
changed, which was the pH in this case. At least 4 repetitions of the feed water and 
permeate water samples (~50mL) were taken at regular time intervals for TOC and 
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TDS characterization. In addition, the rejection phenomenon of inorganic ions, 
typically Na+ and Cl-, at different pH levels was studied. 
 
3.5.3.2 Ionic Strength Effect 
Effects of ionic strength on the rejection of hydrophobic acid (Hpo-A) and hydrophilic 
acid (Hpi-A) and hydrophilic base (Hpi-B) by three RO (AG, SG and ST-28) and two 
NF (HL and SP-28) membranes were investigated. The operational conditions and 
protocols were similar to the pH effect study, except that the changing parameter was 
TDS concentration instead of pH. pH was maintained at about 7 for all the experiments  
conducted in this part of the study, while 3 ionic strength conditions, with TDS of 500, 
1000 and 3000 ppm, were studied. 
 
3.5.4 Interactions among Fractions 
Some single fractions, like positively charged base fractions, would present a much 
lower rejection by the membrane as the membranes are normally negatively charged. 
The possibility to improve the rejection of those fractions will become an important 
issue. From the literature review, interaction was found to have some beneficial effects 
on the organics removal. In view of this, experiments were designed to mix the poorly 
rejected fractions with other fractions before passing through the membrane, to 
investigate whether interaction can help and how it could help. Only NF membranes 
were selected since they could show the worst situation.  
 
The organics fractions with poorest rejection characteristic were chosen, namely Hpo-
B and Hpi-B, based on the prelimary results. Acid fractions (Hpo-A & Hpi-A) were 
firstly selected to study the interaction effects on rejection of base fractions, because of 
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the possible neutralization interaction. As frictional coupling also showed some effects 
(although may not be very strong), one neutral fraction (Hpo-N) was chosen as another 
fraction to interact with base fractions. The reason for not using Hpi-N is because Hpi-
N is the last effluent derived from the fractionation process and thus may contain more 
impurities than other fractions. Varying mass concentration ratios, selected based on 
the fractions concentrations in original water, were also investigated based on the 
actual concentration ratios associated with the original water sample. The details for 
the combination of fractions are listed in Table 3.3. The operational conditions and 
protocols were similar to the study on charge effect, except that TDS concentration and 
pH were maintained at normal values (pH 7, TDS 600 ppm) which were similar to the 
treated effluent. 
Table 3.3  The mixing ratios for organics fractions used in interaction study 
Concentration ratios (added fraction : target fraction) Target Fractions
Hpo-A Hpi-A Hpo-N 
Hpo-B 1:1 2:1 3.5:1 5:1 1:1 1:1 2:1 
Hpi-B 1:1 2:1 3.5:1 5:1 1:1 1:1 2:1 
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CHAPTER FOUR 




A series of experiments were carried out to obtain the fundamental understanding of 
RO/NF membrane for rejecting trace organics, using the lab-scale membrane systems 
operating under a variety of conditions as described in Chapter Three. Several key 
factors, such as adsorptive effect caused by the hydrophobicity of the organics, electric 
exclusion between charged membrane and dissociated acid/base organics fractions, 
interactions among fractions, were carefully investigated to understand the transport 
phenomena of organic matters through RO/NF membranes. Such results will provide 
useful information for selection and operation of membrane system in water 
reclamation. 
 
Before the start of experiments, a MF-RO dual membrane system and an Osmonics 
SEPA cell system were designed and set up in the laboratory; and six organic fractions 
were successfully isolated from the secondary effluent for later parts of the study. The 
preliminary study on the rejection characteristics of organics fractions isolated from 
treated secondary effluent by using RO process during Phase I of the study was 
conducted using this membrane system. The optimal values of the key operational 
parameters adopted for the dual-membrane reclamation system were derived from 
previous studies (Shan et al., 2005). The results from this part of the study further 
confirmed the assumptions about the major mechanisms for organics rejection by 
RO/NF membrane. 
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The following Phase II-1 included two parts, namely static adsorption study and 
hydraulic separation experiments. This static adsorption study proposed two adsorption 
models to simulate organics adsorption due to hydrophobicity on the membrane 
surface. Adsorption behaviour of six organics fractions on hydrophilic RO/NF 
membranes was examined. Static adsorption kinetics and adsorption isotherms were 
studied and the experimental data obtained was used for validating the proposed 
models. The proposed models described two different rates determining mechanisms 
of adsorption. Through the application of the models for the adsorption of organics 
fractions, the proposals that basic and neutral fractions follow a diffusion-controlled 
adsorption mechanism while the acidic fractions follow a reaction-controlled 
adsorption mechanism were verified under the conditions of this study. With the 
subsequent hydraulic separation experiments conducted on neutral fractions, a 
variation trend in the membrane rejection curves was found, especially for those feeds 
or membranes that had higher ratios of the maximum amount of absorbed organics 
mass per membrane area over the organic solute flux through a unit membrane area (σ).  
 
The results of studying the electric exclusion effects between the charged membrane 
and the charge characteristics of acid and base fractions, during Phase II-2, are also 
presented. Experimental results under various pH/ionic strength conditions revealed 
that the rejection phenomenon is the combination of the hydrophobicity of the organics 
fraction and variation of membrane charge and tightness, and extent of dissociation of 
the organics fractions with pH, while ionic strength showed less significant effect. 
 
Finally, the results of the study on interaction effects among organics fractions (Phase 
II-3) are presented. It was found that with presence of acid and base fractions, the 
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neutralization reactions may cause an increase of ionic charge and thus a higher 
organics rejection. With the presence of neutral fraction, the average rejections for 
base fractions were also improved. The interaction between neutral organics and base 
organics could be attributable to the effect of coupling among different components 
with different permeability known as frictional coupling. 
 
4.2 Preliminary Study on Rejection of Organics Fractions 
This part of the study (Phase I) was conducted, following the outline presented in 
Section 3.5.1, to investigate the rejection characteristics of organics fractions isolated 
from treated secondary effluent by using RO process. Understanding treatment 
efficiencies of RO process at organics fractions level (with respect to each of the 
isolated fractions derived from the secondary effluent) would facilitate development of 
novel treatment system for removing organics that are precursors to disinfection-by-
products (DBPs) formation and subsequently prevention and control of their presence 
in treated water. In addition to the overall assessment of the removal efficiencies of 
organics fractions by reverse osmosis, it was also the aim of this study to relate 
fraction characterization data to the rejection of organics in a treatment train. 
 
4.2.1 Characteristics of the Secondary Effluent 
Two batches of secondary effluent collected from a local water reclamation plant were 
analyzed. The characteristics of the secondary effluent are summarized in Table 4.1. It 
was seen from Table 4.1 that Sample 1 (WS1) contained more hydrophobic materials 
and aquatic humic substances per unit amount of organic carbon than Sample 2 (WS2) 
by using the specific ultraviolet absorbance (SUVA, UV254 to DOC ratio) guidelines 
proposed by Edzwald and Tobiason (1999). The difference in SUVA results, between 
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WS1 and WS2, could be attributed to variation of influent used water characteristics 
and fluctuation of operating condition, as reported previously (Imai et al., 2002; 
Krasner et al., 1996). The SUVA data shown in Table 4.1 were also found to fall 
within a similar range of 1.14–1.91 m-1 L/mg C, reported by Imai et al. (2002). Their 
results were also derived from sewage treatment plant effluent (STPE) samples. 
Table 4.1  Characteristics of treated effluent 
Parameter WS1 WS2 
DOC (mg/L) 9.51 11.92 
pH 7.12 6.83 
TDS (mg/L) 600 660 
Conductivity (µS/cm) 1150 820 
UV254 (cm-1) 0.17 0.18 
SUVA (m-1 L/mg C) 1.78 1.49 
 
The DOC fractionation results for the two batches of secondary effluent are presented 
in Table 4.2. The recovery ratios for each fraction ranged from 42.5 to 100%. It was 
noted from Table 4.2 that the distributions of DOC between the hydrophobic and 
hydrophilic components showed some degree of similarity. For the first batch of 
treated effluent, 60.6% of its DOC belonged to hydrophobic components while the 
corresponding percentage for the second batch was 47.3%. The results obtained in this 
study were generally similar to the values reported by Fujita et al. (1996) who 
conducted a fractionation study on tertiary treated effluents using XAD-8 resin and 
reported that 52-54% of DOC belonged to hydrophilic components. The higher 
percentage of hydrophobic fractions present in WS1 could be attributed to a higher 
SUVA results. It was also noted that the humic acids and fulvic acids fractions or the 
hydrophobic acids fraction (HPO-A) contributed to the majority of organic matters 
present in the secondary effluent (34.7-45.2%). Hydrophilic neutral fraction (HPI-N) 
was the second largest fraction, with a percentage of 32.5-41.6%. 
 
72 
Chapter Four-Results and Discussions 
Table 4.2  DOC fractionation results 
  FA HA HPO-B HPO-N HPI-A HPI-B HPI-N Total HPO 
Total 
HPI 
WS1 % DOC 35.9 9.3 6.3 9.1 1.7 5.3 32.5 60.6 39.4 
 RR* (%) 52.6 52.6 63.5 52.6 76.4 49.2 100 — — 
WS2 % DOC 27.3 7.4 3.6 9.0 8.7 2.4 41.6 47.3 52.7 
 RR* (%) 55.0 55.0 50.1 55.0 42.5 53.2 100 — — 
* RR: Recovery Ratio 
 
4.2.2 Rejection of Organics Fractions by RO Process 
The MF treated secondary effluent was fractionated using a method described in 
Section 3.3 (Phase A). The isolated fractions were individually diluted to about 60 L so 
that the resulting DOC concentrations were similar to their corresponding 
concentrations present in the original water prior to fractionation (namely MF filtrate). 
Each diluted solution was subjected to RO treatment (Phase B) individually. Prior to 
the RO process, the pH of the feed of each fraction was adjusted to around 7. A similar 
TDS concentration was maintained for each diluted fraction to exclude the possible 
effect of ionic strength. As outlined above, the same batch of MF filtrate was also 
treated by RO system and the RO concentrate and permeate were fractionated (Phase C) 
to study the characteristics of secondary effluent before and after RO process and the 
removal efficiencies for every individual fractions. Similar operating conditions as 
those used in Phase B were applied for Phase C. Tables 4.3 and 4.4 summarized the 
RO operating conditions and performances in terms of DOC and TDS removal 
efficiencies for Samples 1 and 2, respectively. 
 
It could be seen from Tables 4.3 and 4.4 that, in most cases, the RO treatment for 
hydrophobic fractions generally had a better performance than those for hydrophilic 
ones (except the base fractions). For examples, the rejection efficiencies for HPO-A 
were 95.5% and 93.8% for WS1 and WS2, respectively, while the corresponding 
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values for HPI-A were only 74.1% and 81.5%, respectively. The differences in the 
DOC rejection efficiencies indicated that in addition to solute size and geometry, the 
chemical characteristics, such as hydrophobicity of DOC were significant factors in 
determining rejection of organic species. This is because hydrophobicity could lead to 
the adsorption of hydrophobic portion of solutes to the membrane and therefore 
resulted to a higher retention for hydrophobic fractions. 
Table 4.3  RO Operation and Performance for WS1 
 HPO-A 
(HA+FA) HPO-B HPO-N HPI-A HPI-B HPI-N 
MF 
filtrate
pH 6.94 7.07 6.96 7.05 7.08 6.96 7.12 
Temperature (°C) 27.5 27.4 28.7 28.3 28.3 27.4 27.9 
Applied Pressure (psi) 43 42 42 43 43 46 47 
Recovery Ratio (%) 19.1 19.1 19.1 19.1 19.1 16. 7 19.1 
Feed TDS (mg/L) 590 590 570 570 590 1370 600 
Feed DOC (mg/L) 3.98 0.44 1.16 0.88 0.68 2.82 9.51 
TDS removal (%) 98.5 98.3 98.3 98.4 98.0 96.5 95.8 
DOC removal (%) 95.5 56.0 93.3 74.1 49.7 92.4 97.7 
 
Table 4.4  RO Operation and Performance for WS2 
 HPO-A 
(HA+FA) HPO-B HPO-N HPI-A HPI-B HPI-N 
MF 
filtrate
pH 7.28 6.82 6.93 7.01 6.86 6.84 6.96 
Temperature (°C) 27.9 28.4 28.4 28.2 28.0 27.3 27.8 
Applied Pressure (psi) 48.1 47 46.9 48 48.4 48.4 48 
Recovery Ratio (%) 22.0 22.5 22.5 22.5 22.5 18.0 22.5 
Feed TDS (mg/L) 630 620 650 590 560 990 660 
Feed DOC (mg/L) 5.27 0.40 1.28 0.88 0.57 5.89 11.92
TDS removal (%) 99.1 99.1 98.3 98.5 98.6 97.4 97.4 
DOC removal (%) 93.8 64.6 88.7 81.5 77.9 92.4 96.6 
 
As shown in Tables 4.3 and 4.4, the hydrophobic acid fractions (HA+FA) for both 
Samples 1 and 2 had the highest DOC removal efficiencies (95.5% and 93.8%, 
respectively) as compared to the other fractions. In the case of this experiment, the 
HPO-A fraction could be classified as strong (carboxylic) hydrophobic acid (Duguet 
and Mallevialle, 1997). It has been shown that large, branched, poly-functional, and 
sterically complex molecules are generally better retained by various membranes 
(Reinhard et al., 1986; Eisenberg and Middlebrooks, 1986; Kaštelan-Kunst et al., 
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1997). In contrast, the hydrophilic acids, which are low in molecular weight, non-
electrolytes and non-polar water soluble species with hydrogen bonding capabilities, 
were not readily rejected and tended to permeate through the membrane as indicated 
by the low HPI-As’ DOC rejection efficiencies of 74.1% and 81.5%, for Samples 1 
and 2, respectively. The above observations supported the idea that organic solute 
properties as well as molecular weight would influence the rejection of the various 
DOC fractions studied in this experiment. 
 
When comparing among the hydrophobic fractions or hydrophilic fractions, the 
removal efficiencies by RO were in the order of Acid > Neutral > Base (except for 
HPI-N fraction). This observation could be attributed to the phenomenon that organics 
rejection was affected not only by hydrophobicity, solute size and geometry (steric 
exclusion), but also by the charges of solute molecules and membrane material 
(electrostatic repulsion). Under neutral pH operating condition, the RO membrane used 
in this study (PA material) was negatively charged. As a result, the negative acid 
fractions were repelled and readily rejected by the RO membrane. As outlined above, 
the rejection characteristic of the HPI-N fraction did not follow the general trend of 
Acid > Neutral > Base observed for other fractions. Despite being strongest in terms of 
ionic strength, the RO rejection efficiency for HPI-N fraction yielded a result of about 
92.4% in both water samples, even higher than the rejection efficiencies of the HPI-A 
fractions. As HPI-N was the last fraction derived from the resin fractionation system, it 
is inevitable that some impurities of other fractions could still be present in the solution 
that in turn would help improve the rejection efficiency. This phenomenon will be 
further discussed later. 
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The results shown in Tables 4.3 and 4.4 indicated that RO process was very effective 
for removing hydrophobic dissolved organic matters from secondary effluent. RO 
process could give considerably good DOC removal efficiencies for other organics 
fractions as well. As shown in the last columns of Tables 4.3 and 4.4, DOC rejection 
efficiencies of 97.7% for WS1 and 96.6% for WS2 were achieved using the RO system 
while the corresponding TDS rejection efficiencies attained for this operation were 
95.8% and 97.3%, respectively. It could be concluded from Tables 4.3 and 4.4 that RO 
process was capable of achieving consistent and high removal efficiency for total 
dissolved solids, greater than 95% removal for all fractions, from feed solution. 
 
4.2.3 Removal Efficiency of the RO Process with Respect to each Isolated 
Fractions 
This part of the experiments (Phase C) aimed to investigate the characteristics of 
secondary effluent after RO treatment. Subsequent DOC fractionations of the RO feed 
(MF filtrate), concentrate and permeate were carried out to examine the percentage 
composition of each fraction present in the collected waters as well as the RO rejection 
of each fraction in the presence of real ionic strength and mutual interaction of 
fractions on one another.  
 
A graphical comparison between the DOC fractionation results obtained for the feed 
and the permeate is shown in Figure 4.1. All of the six fractions were still found in the 
permeate, however, the percentage of hydrophobic fraction showed a decrease 
compared with the feed water sample, while the hydrophilic fractions showed an 
increasing trend in the permeate. It should be pointed out that Figure 4.1 shows the 
relative distribution of the various fractions present in the RO feed and RO permeate 
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independently. Thus, the difference in percentage of DOC between feed and permeate 
for a given fraction (shown in Figure 4.1) does not directly relate to the rejection 
efficiency of RO process for the given organics fraction. It could be seen from this 
figure that hydrophobic acids were still present in the permeate, although their 
percentage composition of DOC decreased from 34.7-45.1% in the feed to 27.5-32.7% 












WS1 Feed WS1 Permeate WS2 Feed WS2 Permeate  
Figure 4.1  Comparison of DOC fractionation results for RO feed and permeate 
 
With RO treatment, the percentage composition of hydrophobic fractions in the 
permeate decreased, while the percentage composition of hydrophilic fractions 
increased. Since RO treatment is basically a physical process, the greater percentage 
compositions of hydrophilic fractions present in the permeate compared with the 
corresponding compositions in the RO feed was attributed to the decreased 
composition of hydrophobic fractions which in turn proportionally resulted in the other 
isolated fractions to take on a larger percentage composition as DOC. It should be 
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pointed out that the decreased composition of HPO-A in the permeate would be more 
significant than HPO-B or HPO-N, as it implied that RO process could effectively 
reduce hydrophobic acid components present in secondary effluent.  
 
The DOC removal percentages for the RO process obtained from Phase C, based on 
the isolated fractions, are presented in Table 4.5. It was noted from Table 4.5 that the 
percentage removals of DOC (based on the DOC of the isolated fractions of the feed 
and permeate) were ranging from 96% to 99%. The results confirmed that RO process 
was able to give consistently high DOC removal for each fraction of DOC. Although 
the rejection for HPI-B was the lowest, it may not be very important from practical 
standpoint as only a very low portion of HPI-B DOC (2.4-5.3%) was present in the 
water samples. As a result, RO process was capable of removing organics including 
hydrophobic acids and hydrophilic neutral to a low residual percentage of around 
1~2%. 
Table 4.5  DOC removal percentages for the RO process based on the isolated fractions 
  DOC (mg/L) 
   HPO-A HPO-B HPO-N HPI-A HPI-B HPI-N
Feed (MF filtrate) 4.32 0.60 0.87 0.16 0.51 3.11 
Permeate 0.091 0.009 0.018 0.004 0.016 0.080
WS1 
Removal (%) 97.9 98.6 97.9 97.7 96.8 97.4 
Feed (MF filtrate) 4.13 0.43 1.08 1.03 0.29 4.96 
Permeate 0.037 0.012 0.014 0.011 0.011 0.079
WS2 
Removal (%) 99.1 97.2 98.7 98.9 96.2 98.5 
 
4.2.4 Removal Efficiency of the RO Process with Respect to two Experimental 
Sequences 
A comparison of the DOC removal efficiencies of fractions treated individually by RO 
(Phases A & B) with RO treated waters subsequently being fractionated (Phase C) is 
presented in Figures 4.2 and 4.3. Essentially, the results revealed that DOC removal 
percentages by RO for each fraction (Rejection of the Fraction in MF Filtrate) in both 
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samples, based on the DOC of the isolated fractions of the feed and permeate, were 
consistently higher than the results obtained through individual fractions undergoing 
RO treatment (Rejection of the Fraction (single fraction)). For example, as shown in 
Tables 4.3 and 4.4, the DOC removal efficiencies for the HPI-B fraction alone were 
considerably lower than their corresponding results in MF filtrate (49.7% for WS1 and 
77.9% for WS2 for HPI-B alone). In contrast, using RO prior to fractionation (in MF 
Filtrate) was able to achieve a much higher DOC removal efficiency of 96.2 - 96.8% 
for the HPI-B fraction (Table 4.5). The difference between HPI-B removals observed 
in both water samples could be attributed to the different feed pressures adopted for 
WS1 and WS2. A higher feed pressure was used in WS2 as it had a higher DOC 
concentration than that of WS1.  The higher pressure in turn led to a higher permeate 
flux and consequently better removal efficiency due to the “Dilution Effect”.  
 
 
Figure 4.2  Comparison of DOC removal under two experimental sequences for WS1 
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Figure 4.3  Comparison of DOC removal under two experimental sequences for WS2 
 
The comparison with respect to the two experimental sequences revealed that RO 
process was capable of effectively reducing the organics present in secondary effluent 
as a whole as shown by a better DOC removal performance of the RO process prior to 
fractionation. This observation suggested that the interactions of various organic 
compounds of different organics fractions did not have any negative interference on 
RO separation process. On the contrary, the treatment efficiencies were in fact much 
better than those obtained by treating the various organics fractions individually. 
 
It is suspected that interactions could enhance rejection by RO membrane due to the 
effect of coupling of different components known as frictional coupling. For example, 
coupling of more permeable components (hydrophilic compounds: HPI-N) with less 
permeable components (hydrophobic compounds: HPO-N) could enhance the rejection 
performance for the more permeable components (HPI-N: increased from 92.4% to 
97.4-98.5%). Besides fractional coupling, it is assumed that interaction of one or more 
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of the components with membrane could also result in irreversible changes in 
properties of the membrane (which in turn would affect rejection characteristics). 
 
Studies have shown that systems of electrolytes-nonelectrolytes or electric solutions 
containing weak acids exhibits strong interaction effects (Scltanieh and Sahebdelfar, 
2001). Thus, with the presence of several acid and base fractions in MF filtrate 
(electric solutions), the neutralization reactions may cause an increase of ionic charge 
(more dissociation of weak acids and bases) as well as a decrease of the dielectric 
constant. These phenomena could enhance RO rejection, especially for the positively 
charged base fractions since the membrane is negatively charged under neutral pH 
condition and electrostatic attraction between base fraction and membrane thus worsen 
the rejection. This observation could explain the better rejection performance obtained 
for acid and base fractions in Phase III study. For example, rejections of the single 
HPO-B and HPI-B fractions were only 56.0-64.6% and 49.7-77.9%, respectively, 
while with the presence of other acid fractions (HPO-A & HPI-A in MF filtrate), the 
HPO-B and HPI-B rejections were increased to 97.2-98.6% and 96.2-96.8%, 
respectively. 
 
4.3 Adsorption Mechanism for Organics Rejection by RO/NF Membrane 
From the literature review and the preliminary study, hydrophobicity of organic 
matters was found to be an important factor influencing the rejection behaviour, 
because sorption on the hydrophobic domain is regarded as an important membrane 
polymer-organic solute interaction. It was also found that some membranes could 
adsorb trace organics that in turn may give a false impression of high retention 
(Nghiem et al., 2002). Hydrophobicity of organic compounds was further found to be 
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an important factor affecting adsorption of organics onto the membrane surface (Kiso 
et al., 2001). Thus, more research effort is needed to better understand the separation 
behavior of organic solutes, particularly for treated effluent that may strongly interact 
with membrane polymers. In view of the desire to better understand the adsorption 
behaviors of trace organics, the main aim of this part of the study was to investigate the 
adsorption and retention behaviors of neutral organics fractions present in treated 
effluent by three commercial reverse osmosis and two nanofiltration membranes. 
 
4.3.1 Static Adsorption Study 
Static adsorption experiments were performed to investigate the adsorption capacity of 
different membranes. Two processes in series were considered for the overall rate of 
organics adsorption in a static system. They were: 
1. Molecular diffusion from the bulk solution to the proximity of the membrane 
surface; 
2. Transfer and rearrangement of molecules from this nearby position towards the 
final position, orientation or conformation in the adsorbed state. 
 
The two processes involved in organics adsorption, led to the consideration of two 
possible adsorption models, namely the diffusion-controlled adsorption model (D-
CAM) and the reaction-controlled adsorption model (R-CAM). Diffusion-controlled 
adsorption implies that the first process is rate determining step, while reaction-
controlled adsorption implies that process 2 is the rate limiting step. Derivation of the 
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4.3.1.1 Adsorption Rate Limiting Mechanisms and Classification of Organics 
Fractions 
It is important to determine the rate limiting mechanism of the adsorption process for 
each organics fraction so that adsorption behaviour of each organics fraction could be 
related to the appropriate adsorption rate model. 
 
In a diffusion-controlled adsorption process, the molecules are adsorbed onto the 
membrane surface as quickly as they arrive at the surface. This is the major assumption 
used in the development of the modified D-CAM. Many cases of organics adsorption 
from solution, including those of protein and polymer, have been successfully 
described by the diffusion-controlled adsorption process (Graham and Phillips, 1979; 
Lyklema, 1991; Jones and O’Melia, 2000). However, in cases where post-adsorption 
molecular rearrangement or conformational transitions are important, the diffusion-
controlled mechanism can no longer be applied to adequately describe the adsorption 
process (Hansen and Wallace, 1959; Ko et al., 1993). 
 
Macromolecules with molecular weight (MW) in hundreds of thousands Daltons often 
undergo significant surface-induced conformational or orientational changes upon 
adsorption at the liquid-solid interface (Michelle and Van Tassel, 1999). In other 
words, they exhibit irreversible adsorption which is due to the formation of chemical 
bonds between themselves and the adsorbent. Examples of features of irreversible 
adsorption include slow but high contribution of surface diffusion and negligible 
desorption. It is therefore assumed that irreversible adsorption is typically reaction-
controlled, while reversible adsorption is usually controlled by bulk diffusion to the 
adsorbent. In the case of irreversible adsorption, the transfer and rearrangement of 
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molecules from the subsurface layer to the membrane surface is the rate determining 
step. Table 4.6 shows the MW and desorption rate for each of the six organics fractions. 
 
Table 4.6  MW and desorption rate 




Hpo-A 453,602 1.87E-07 
Hpi-A 115,667 7.42E-07 
Hpo-B 18,669 3.29E-05 
Hpi-B 1,013 3.53E-05 
Hpo-N 91,055 4.28E-05 
Hpi-N 19,579 5.94E-05 
+ The desorption rate constant of each organics fraction, Kd, that was determined from static 
desorption experiment encompassed the effect of initial bulk concentration.  For comparison 
purpose, Kd was made independent of the initial bulk concentration and this was denoted as 
Kd1. 
 
It could be seen that Hpo-A and Hpi-A are of very large size, having MW of more than 
100,000 Daltons. These large molecules are often associated with a very long 
molecular chain length which can hinder the surface diffusion process. As described by 
Raut and Fichthorn (1998 and 1999), the surface diffusion of large organic molecules 
involves multiple hops to various nearest and non-nearest neighbour sites and in an 
earlier study by Huang et al. (1994), they also pointed out that there is a linear increase 
of the diffusion barrier with the molecular chain length. Thus, the large MW acid 
fractions are likely to undergo a slow surface diffusion process. However their 
contributions of surface diffusion are probably high as the contribution of surface 
diffusion was reported to increase with molecular chain length and MW (Do, 1998). 
This is because these molecules are more easily condensed and adsorbed, which is 
attributed to the higher density of adsorbed molecules. 
 
In a reaction-controlled adsorption process, the transfer and rearrangement of 
molecules from the subsurface layer to the membrane surface is the rate determining 
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step. In this case, the phenomena of adsorption and desorption need to be dealt with. In 
particular, desorption is the most dominant factor required for consideration. The fact 
that the desorption rates of Hpo-A and Hpi-A are of very small values (in the order of 
10-7 cm/s) while those of the other organics fractions are in the larger order of 10-5 
cm/s, suggests that they may be undergoing negligible desorption. 
 
Slow surface diffusion process, high contribution of surface diffusion, and negligible 
desorption are all features of irreversible adsorption. The large MW values and small 
desorption rates of Hpo-A and Hpi-A thus suggest possible behaviour of irreversible 
adsorption and consequently, their adsorption processes are likely to be reaction-
controlled.  
 
In view of the above, both the base and neutral fractions were proposed to follow a 
diffusion-controlled adsorption process because of their small MWs and fast 
desorption rates, and the modified D-CAM was used to simulate the adsorption 
behaviour of those fractions. On the other hand, the R-CAM was applied to the Hpo-A 
and Hpi-A fractions, relating the adsorption behaviour at the preset solution condition 
for each acid fraction. 
 
4.3.1.2 Determination of Surface Coefficient, β in the D-CAM 
Recent studies have shown that membrane surface morphology and structure influence 
permeability, rejection, and colloidal fouling behaviour of RO and NF membranes 
(Kwak et al., 1997; Kim et al., 1999; Khulbe and Matsuura, 2000; Eric et al., 2001). 
Adsorption, as one kind of rejection mechanism, can thus be related to the membrane 
surface morphology and structure. 
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In the calculation of adsorption (adsorbed mass per unit membrane surface area) in this 
study, the geometric membrane surface area was usually used instead of the actual 
membrane surface area which takes into account the contributions from roughness and 
porosity of membrane. 
 
In reality, there is no such thing as a perfectly smooth membrane. Certain degree of 
unevenness is bound to be associated with a membrane surface and especially when 
the surface is viewed on a molecular scale. The roughness of a membrane surface can 
be due to out of alignment of atomic bonds and non-uniform unfolding or deformation 
of microstructure as a result of the fabrication process. 
 
Another aspect for consideration is membrane porosity. The fact that pores are present 
in NF membranes makes possible for adsorption to occur inside the pores as molecules 
smaller than the membrane pore size can enter into the pores of the membrane and be 
adsorbed there. 
 
The roughness and porosity of a membrane thus result in an enlargement of the 
effective surface area for adsorption. To account for this increase in membrane surface 
area for adsorption, a surface coefficient β was proposed to be introduced in the D-
CAM. 
 








−−Γ=Γ                                                                       (4.1) 
where, Γ(t) = mass adsorbed per membrane surface area at time t, µg/cm2; 
Γe =  mass adsorbed per membrane surface area at equilibrium for a given 
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bulk concentration and solution condition, µg/cm2; 
C0 = bulk concentration of solutes, µg/cm3; 
Dsw= diffusion coefficient of solute in water, cm2/s; and 
t = time, s. 
Γ(t) can be expressed as: 
gA




m=Γ                                       (4.2 and 4.3) 
where, m(t) = amount of mass adsorbed at time t, µg; 
me    = amount of mass adsorbed at equilibrium for a given bulk concentration 
and solution condition, µg; and 
Ag     = geometric membrane surface area, cm2. 
 
The surface coefficient β was proposed as the ratio of actual membrane surface area to 






AreaSurfaceMembraneActual                                                     (4.4) 
where, Aa = actual membrane surface area, cm2. 
 
By employing the AFM, membrane morphology was studied. The AFM images of the 
five membranes shown in Figures 4.4 revealed different extents and occurrences of 
surface roughness. It was noted that the horizontal X and Y scales were 10 µm by 10 
µm (2.0 µm/division), while the vertical Z-axis was 1.0 µm (500 nm/division). This 
distorted scale increases peak-to-valley distances relative to peak-to-peak separation in 
the AFM images. A computerised analysis of the AFM microphotographs allowed 
determination of the membrane surface roughness. The roughness analysis was based 
on determining the heights of the tip over a baseline or reference level, Z. All the RO 
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membranes (AG, SG and ST-28) showed a regular structure without any pore over the 
scanned area, even on the bottom side of the membrane. Hence, for these dense 
membranes, the additional surface area for adsorption will come solely from the 
roughness of the membrane. 
 
Roughness parameters such as average roughness, root mean squared (RMS) 
roughness and surface area difference were obtained directly from the AFM roughness 
analysis. In this context, average roughness is defined as the average deviation of the 
peaks and valleys from the mean plane (the arithmetic average of all height values) and 
RMS roughness is the RMS deviation of the peaks and valleys from the mean plane. 
The surface area difference gives the increase in surface area due to roughness over a 
perfectly flat plane with the same projected area, and it was used in the computation of 
the surface coefficient β for each membrane type. 
 
It could be noticed from Table 4.7 that the roughness of the membrane at the bottom 
surface was generally larger than that of the top surface as indicated by the general 
increased values of average and RMS roughness and surface area difference. This can 
probably be explained by the fact that all the membranes are asymmetric and are made 
of a different material as support backing which is often with a looser structure as 
compared to the top membrane surface.  
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AG Top AG Bottom 
SG Top SG Bottom 
ST-28 Top ST-28 Bottom 
HL Top HL Bottom 
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90 
SP-28 Top SP-28 Bottom 
Figure 4.4  Tapping Mode AFM image showing roughness of top and bottom surfaces 
 













AG 43.6 57.1 13.6 
SG 26.0 33.5 4.7 
ST-28 36.2 47.8 0.7 
HL 27.8 37.2 3.7 
Top surface 
SP-28 26.8 37.4 1.4 
AG 75.5 103.9 31.9 
SG 44.7 56.3 7.5 
ST-28 27.3 36.3 1.0 
HL 41.5 54.1 3.6 
Bottom surface 
SP-28 73.6 98.0 4.8 
For the NF membranes, HL and SP-28, in addition to membrane roughness, the 
increase in surface area for adsorption was also attributed to the porosity of the 
membrane. Single pores were observed on both sides of the membranes (Figure 4.7). 
The pores were especially significant and observable at the bottom surface of the HL 
membrane, since it was made of a porous polysulfone backing. For determination of 
the pore size distributions, a total of 40 pores were randomly selected from six HL/SP-
28 membranes for both top and bottom surfaces and their diameters were determined. 
The pore size distributions are shown in Figure 4.5. The statistical analysis of the pore 
size parameters for HL and SP-28 on both membrane surfaces was also performed 
based on Figure 4.6 and summerized in Table 4.8. 
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SP-28 (Bottom) 
Figure 4.5  Pore size distributions obtained by analysing of AFM images 
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The pore size distributions for both cases (Figure 4.5) revealed a rather narrow range 
of pore diameter distribution as indicated by the small values of standard deviation 
which represents data spreadness. Therefore, it is not unrealistic to assume that the 
surface pores follow a size of the mean pore diameter when a pure capillary model is 
applied to study the membrane structure. The pure capillary model assumes equal 
cylindrical and straight pores in the membrane and it is the easiest model available for 
assessing the physical properties of membranes (Calvo et al., 1995; Hernández et al., 
1997). The pure capillary model was chosen in this case for analyzing the top and 
bottom surface pores of the HL and SP-28 membranes. 
Table 4.8  Statistical analysis of the pore size parameters 
Membranes Membrane Orientation Pore Diameter* (nm) 
Top surface 9.2 ± 0.6 HL 
Bottom surface 87.3 ± 5.8 
Top surface 13.9 ± 0.7 SP-28 
Bottom surface 105.5 ± 5.9 
* Mean ± SD 
 
Membrane 
Cylindrical and straight pores 
Figure 4.6  Pure capillary model (membrane top surface) 
 
Hence, equal cylindrical and straight pores of 9.2 and 13.9 nm were assumed on the 
top surfaces (thickness: 0.2 µm for ordinary membranes and 0.05 µm for thin-film 
membranes) of the HL and SP-28 membrane, respectively. The corresponding bottom 
surface (typical thickness: 10.2-12.8 µm) pores were assumed to be 87.3 and 105.5 nm, 
respectively. Williams et al. (1999) also noted that the same HL membrane from 
Osmonics to have pore sizes in the range of 70 to 100 nm on the backing polysulfone 
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layer using scanning electron microscopy. 
 
According to the membrane manufacturer (http://www.gewater.com/pdf/1229223-
%20Lit-%20Membrane%20Filtration%20Handbook.pdf), the top surface porosity of 
its membranes ranges from 5 to 20%. As the AFM images were also not able to show 
clearly the porosity percentage for HL and SP-28 membranes, a 15% top surface 
porosity was therefore assumed. On the other hand, for the bottom surface of the HL 
and SP-28 membranes, the AFM images shown in Figure 4.8 clearly revealed a 
porosity of approximately 30%. 
 
    
Figure 4.7  AFM image revealing bottom surface porosity of HL (top) and SP-28 (bottom) 
 
The molecular weight cut-off (MWCO) of a membrane varies with the type of 
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membrane material and the type of manufacturing process. According to manufacturer 
(http://www.gewater.com/library/tp/761_Two_Case.jsp), in general, components with 
a size range of 0.002 to 0.2 µm can be usually retained using a MWCO range of 1,000 
to 300,000 Da of its membranes, requiring pore sizes of from 15 to 1,000 Angstroms. 
Based on this conversion, the 9 and 14 nm pore sizes will approximately allow the 
molecules with MW less than 3,654 and 6,794 Da to pass through, respectively. 
Similarly, the MWCO of 87 and 106 nm pore sizes will be approximately 228,104 and 
336,965 Da, respectively. 
 
Consequently, only Hpi-B with MW of 1,013 Da can enter the top surface pores of the 
HL and SP-28 membranes and be adsorbed there, while the rest of the organics 
fractions (Hpo-B, Hpo-N and Hpi-N) are too large (more than 7,000 Da) to penetrate 
into those pores. However, for the porous polysulfone backing layer, the MWCO are 
about 228,104 and 336,965 Da for HL and SP-28, respectively, which are much larger 
than the size of both the base and neutral fractions. As a result, adsorption of these 
molecules is possible to occur inside the bottom surface pores of the HL and SP-28 
membranes during the static adsorption experiment. 
 
Based on the above discussion, the surface coefficient, β, was computed for each 
membrane type. For the RO membranes, β is a parameter resulted solely from the 
membrane roughness, while for the NF membrane, β is a consequence of both the 
membrane roughness and porosity. Owing to the difference in pore size on the top and 
bottom surfaces, β is different for different organics fractions even the same NF 
membrane is used. The thickness of the PA barrier layer was taken to be 100 nm 
(Williams et al., 1999; Jones and O’Melia, 2000) and the thickness of the NF 
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membrane was 0.1 mm as specified by the manufacturer 
(http://www.gewater.com/pdf/1229223-%20Lit-%20Membrane%20Filtration%20Handbook.pdf).  
 
It could be observed from Table 4.9 that the values of β for the RO membranes are all 
close to 1, unlike those of the NF membrane. This is reasonable as the tight RO 
membranes offer no pores for the organic molecules to enter and be adsorbed there. 
The only contribution to the extra surface area comes from the surface unevenness of 
the membrane. 
Table 4.9  Surface coefficient, β 




  4.1* HL 
  2.1+
  3.0* SP-28 
  1.9+
* The value was computed for the case of Hpi-B where adsorption can occur inside the pores 
of both the top and bottom surfaces. 
+ The value was computed for the cases of Hpo-B, Hpo-N and Hpi-N where adsorption can 
only occur inside the bottom surface pores. 
 
4.3.1.3 Determination of Overall Adsorption Rate, r, in the R-CAM 
In the R-CAM, the effect of surface area is cancelled within the equation.  Hence, the 
effect of extra membrane surface area for adsorption need not be considered.  Instead, 
a rate coefficient, r, was used as a parameter to qualitatively describe the efficiency of 
the adsorption process. 
 
From the derivation presented in Appendix A.2 and Eq. A.28, the overall adsorption 





RateAdsorption=                                                                              (4.5) 
where, , µg/cm0' *Ckk aa = 2⋅s, represents the adsorption rate constant which takes into 
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account the effect of initial bulk concentration of solutes; 
ka = adsorption rate constant, cm/s; 
C0 = bulk concentration of solutes, µg/cm3; and 
Γe = mass adsorbed per membrane surface area at equilibrium for a given 
bulk concentration and solution condition, µg/cm2. 
A large value of r implies a fast rate of adsorption.  Since the adsorption is proceeding 
very quickly, equilibrium adsorption can be reached within a short time. 
 
As discussed in Section 4.3.1.1, the adsorption of the acid fractions was proposed to be 
described by the R-CAM. The overall adsorption rate, r, corresponding to each 
membrane type was calculated for the Hpo-A and Hpi-A fractions and shown in Table 
4.10. It was noted that values of r for Hpo-A were always higher than that of Hpi-A. In 
other words, Hpo-A adsorption rate was faster and the amount of Hpo-A absorbed was 
larger than the adsorption of Hpi-A. This was probably due to the fact that a 
hydrophobic molecule was often more readily to be adsorbed than a hydrophilic one as 
the latter molecule possessed a higher surface tension value and therefore had the 
ability to form hydrogen-bonds with water. Consequently, a hydrophilic molecule 
would tend to stay in the water instead of being adsorbed onto a membrane surface. 
Table 4.10  Overall adsorption rate, r 
Organics Fraction Membrane Type r* 













*r was computed using static experimental results. 
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4.3.1.4 Verification of the D-CAM 
For the adsorption of the base and neutral fractions onto the five RO/NF membranes, 
the modified D-CAM (Eq. 4.1) was applied. The equilibrium amount adsorbed at a 
given concentration, Γe, was determined from an analysis of adsorption, assuming 
Langmuir-type adsorption. Values of Γe were taken directly from the adsorption 
isotherms except those for Hpo-B and Hpi-N. This is because the initial concentrations 
of these fractions were very low, both having a concentration of less than 3 ppm. As a 
result, it was not possible to measure adsorption as a function of concentration for 
these two fractions. The adsorption isotherms for a 48-hour period, corresponding to 
each membrane type for Hpi-B and Hpo-N, are shown in Figures 4.8 and 4.9.  
 
All the adsorption isotherms in Figures 4.8 and 4.9 showed a concavity towards 
saturation, indicating that effective adsorption on the membrane surfaces has taken 
place at early phase. This was because with an increasing occupancy of the membrane 
surface it became relatively more difficult to find an open site for adsorption and 
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igure 4.8  Adsorption isotherms for Hpi-B onto RO/NF membranes: pH = 4.2 
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igure 4.9  Adsorption isotherms for Hpo-N onto RO/NF membranes: pH = 7.1 
stituting the appropriate surface coefficient β, diffusion coefficient Dsw, and 
r with the experimentally controlled parameters, C0 and t, the modified D-
could be used to describe the adsorption processes of the organics fractions for 
embrane type. For both the base and the neutral fractions, a diffusion 
ient Dsw of 10-5 cm2/s was taken, according to studies by Cussler (1976) and 
t al. (1977). Cussler (1997) later pointed out that this is a common order for 
rganic molecules diffusing in water. 
.1 Base and Neutral Fractions 
sults of the application of the modified D-CAM for the adsorption of Hpo-B, 
 Hpo-N and Hpi-N onto the five RO/NF membranes are shown in Figures 4.10 
.  
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.10  Model simulation of modified D-CAM to static kinetic experimental data for 



























.11  Model simulation of modified D-CAM to static kinetic experimental data for 



























.12  Model simulation of modified D-CAM to static kinetic experimental data for 
Hpo-N: C0 = 84.02 ppm, pH = 7.1 
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4.13  Model simulation of modified D-CAM to static kinetic experimental data for 
Hpi-N: C0 = 2.36 ppm, pH = 7.1 
2 Discrepancies between experimental data and model simulation based 
on β 
discrepancies were observed between the experimental data and model 
ion. The experimental data were consistently larger than the model simulation 
proposed for the RO membranes for all the fractions except in one case of SG 
ne for Hpo-N. A possible reasoning was that organic molecules were 
tially accumulated in the valleys resulted from surface unevenness. The 
of these valleys imply more molecules were adsorbed on the membrane 
 and this could probably account for the generally underestimated β values. 
ast, the β values associated with the HL membrane were largely overestimated, 
lly for the Hpi-B fraction adsorption on HL, where the discrepancy between the 
lues was more than 7%. This could be due to an overestimation of the top 
 porosity of the HL membrane. A high end of 15% (from a range of 5 to 20%) 
 was assumed in the computation of β for the Hpi-B fraction. The β values 
ted with the SP-28 membrane simulated the corresponding experimental data 
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quite well, which suggested the high end of 15% porosity approximately represented 
the exact structure of SP-28 membrane. 
 
The fact that only one case of slightly large discrepancy observed with HL membrane 
may suggest that the pure capillary pattern served well as a good model for describing 
the membrane structure in this case. Of course, a more complex and more realistic 
model may give better simulation. For example, by recognizing that the pores have 
unequal sizes, which are statistically distributed, and that inclination of pores and non 
straight pores do exist in membrane matrix. However, this generalisation effort is 
beyond the scope of this study. 
 
Finally, the act of generalisation may also play a part in the discrepancies between the 
experimental data and model simulation. Due to time-constraint and limited resources, 
the β value of each membrane type was calculated based on only six scanned results 
obtained from the AFM studies. The six scanned results might not be truly 
representative of the actual membrane surface structure. As a result, the accuracy of β 
values could be affected due to generalisation from too few samples. 
 
4.3.1.5 Verification of the R-CAM 
The adsorption of Hpo-A and Hpi-A was mathematically described through the 
application of the R-CAM (Eq. 4.6), with the parameter r. Similar to the base and 
neutral fractions, the equilibrium adsorption values Γe for Hpo-A and Hpi-A were also 
taken directly from their adsorption isotherms, for a 48-hour period, which are shown 
in Figures 4.14 and 4.15. 
)]exp(1[)( rtt e −−Γ=Γ                                                                                                 (4.6) 
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where, Γ(t) = mass adsorbed per membrane surface area at time t, µg/cm2; 
Γe =  mass adsorbed per membrane surface area at equilibrium for a given 
bulk concentration and solution condition, µg/cm2; 























































igure 4.15  Adsorption isotherms for Hpi-A onto RO/NF membranes: pH = 4.2 
 noticed that the adsorption isotherms for the acid fractions had concave shape 
espect to the abscissa similar to those of Hpi-B and Hpo-N. It was also noted 
e curvatures of the adsorption isotherms for Hpo-A and Hpi-A were steeper than 
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that of neutral or base fraction. For example, at an initial TOC concentration of 30 
ppm, the saturated amount adsorbed for Hpo-N was only 30-80 µg/cm2, while the 
amounts for Hpo-A and Hpi-A were 200-500 µg/cm2 and 100-140 µg/cm2, 
respectively. This phenomenon suggested the occurrence of a highly favourable 
adsorption process for Hpo-A and Hpi-A. One point worth mentioning is that an 
isotherm that is strongly favourable for adsorption will also be strongly unfavourable 
when it is time to elute the adsorbed species (Cussler, 1997).  This phenomenon would 
imply the irreversible adsorption nature of the acid fractions. 
 
4.3.1.5.1 Acid Fractions 
Figures 4.16 and 4.17 show the results of simulating the adsorption behaviours of 
Hpo-A and Hpi-A fractions using R-CAM, respectively. It is noted from these figures 
that a huge amount of adsorption for Hpo-A occurred when a large initial bulk 
concentration of 215.80 ppm was present. This phenomenon was in agreement with 




























4.16  Model simulation of R-CAM to static kinetic experimental data for Hpo-A:  
C0 = 215.80 ppm, pH = 4.2 
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4.17  Model simulation of R-CAM to static kinetic experimental data for Hpi-A:  
C0 = 26.09 ppm, pH = 4.2 
 Discrepancies between experimental data and model simulation based 
on r 
ilar way as what was done in the verification of the D-CAM, comparisons 
de between the experimental data and model simulation for each membrane 
Hpo-A and Hpi-A. 
be seen that the discrepancies between the experimental data and model 
n values were very small, only up to a maximum of 2%. This observation 
d that it is not unrealistic to assume the acid fractions to follow a reaction-
d adsorption process and that the R-CAM was able to describe and predict the 
adsorption for the acid fractions in a satisfactory manner. 
Adsorption Performance and Membrane Surface Characteristics 
 adsorption data presented in the previous sections, it is noted that the AG 
e always had the highest amount of adsorption ultimately as compared to the 
e membranes. The SG membrane was noted to be the second best adsorbent. 
, for the case of Hpo-B and Hpi-B adsorption, the adsorption performances of 
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AG and SG were similar to corresponding performances of ST-28, HL and SP-28. 
This phenomenon was also observed at the beginning of the adsorption period in all 
other cases where low adsorption was found to associate with the SG membrane. For 
ST-28, HL and SP-28, their performances in relation to adsorption were competitive. 
They generally gave similar levels of adsorption. 
 
The most probable reason why AG had the best adsorption was its roughest membrane 
surface as indicated by the largest value of surface area difference. Rough membrane 
contained a network of ridges and valleys which could conceivably trap organic 
molecules. The fact that the molecules are preferentially accumulated in the valleys 
could lead to fillings of these valleys, which in turn would lead to what is known as 
“valley clogging” as reported by Eric et al. (2001). Thus, more molecules would be 
deposited on rough membranes than on smooth membranes. In other words, 
adsorption increased with membrane roughness. 
 
The above phenomenon agreed well with the adsorption behaviour associated with the 
RO membranes observed in most cases. For example, the SG membrane, being the 
second roughest, was noted to be the second best adsorbent according to the 
adsorption data. As the roughness of ST-28 was much lower than that of AG and SG, a 
lower adsorption was therefore expected. This expected phenomenon was indeed 
confirmed by the observation that ST-28 had the lowest adsorption among the RO 
membranes studied almost all the time. It was also noted that the adsorption on these 
RO membranes could be related to their corresponding β values. 
 
However, the “valley clogging” theory seemed unable to explain the adsorption 
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behaviour of the NF membrane. This was because the porosity of NF membrane was 
also one of the factors that influence adsorption. The trend of adsorption associated 
with HL/SP-28 NF membranes was very different from that associated with the RO 
membranes. The adsorption curves associated with NF at the beginning were a 
consequence of the existence of membrane pores. On top of the valleys and ridges, 
molecules had more available sites for adsorption due to porosity and this 
phenomenon enabled a speedy adsorption process during the initial stage. However, as 
more sites were occupied, the adsorption slowed down and finally with complete 
filling of the available sites, saturation took place. 
 
Although the porosity of the HL/SP-28 membrane provided more surface area for 
adsorption as reflected by their large β values, not all of these areas would become 
sites for adsorption. This was because molecules of one organics fraction had different 
shapes and they arrived at the membrane surface from different positions. It was very 
likely that one molecule might only enter a pore halfway and be adsorbed there or 
even got attached at the pore entrance and thus blocking other molecules to penetrate 
further for adsorption. This reasoning might account for the slow adsorption on NF in 
the later stages. It was noted that the adsorption associated with HL membrane could 
not be adequately related to the β values. Thus, a large β value might not necessarily 
imply more adsorption. 
 
4.3.2 Dynamic Adsorption Study 
An attempt to correlate adsorption behaviour with membrane surface properties and 
performance attributes was then carried out. Dynamic membrane separations with all 
five types of RO and NF membranes were investigated. Only neutral fractions of 
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organics were used in this series of studies in order to exclude the effects of charge 
interactions between organics and membrane materials. The TOC concentration of the 
unfractionated secondary effluent used in the dynamic adsorption study varied from 
6.5 to 14.2 mg/L. During the fractionation process, the Hpo-N and Hpi-N were found 
to be 5.2-9.1% and 24.0-41.6% of the total organic carbon, respectively. In view of 
this, the membrane experiments were performed under both the low initial feed 
concentration (1.2-1.6 mg/L) and high initial feed concentration (2.5-4.0 mg/L) of 
Hpo-N and Hpi-N organics factions (as present in the original unfractionated effluent). 
 
4.3.2.1 Factors affecting adsorptive effect 
The difference in affinity for adsorption of Hpo-N and Hpi-N could be explained in 
terms of their characteristics. Hpo-N, as hydrophobic materials, possessed low surface 
tensions and lack of active groups in their surface chemistry for formation of 
"hydrogen-bonds" with water. As a result, there was a general tendency to favor  
Hpo-N attachment to any material that was less hydrophilic than water. Thus 
hydrophobic organic molecules had a tendency to be attached to the membrane surface. 
This phenomenon might account for the more prominent saturation for Hpo-N and the 
shorter period of time taken for adsorption to reach its saturation point. In contrast, 
Hpi-N (having hydrophilic characteristic) exhibited an affinity for water. As a result, 
hydrophilic materials had little tendency to be adsorbed onto the membrane surface. 
This hydrophilic nature of Hpi-N explained the reason for the comparatively longer 
period of time taken for adsorption of Hpi-N to reach its saturation point. 
 
Besides the difference due to hydrophobicity, it was also noted that the adsorption 
phenomena was highly affected by the membrane surface characteristics. The 
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membrane surface properties investigated were the surface morphology derived from 
the AFM, the contact angels obtained from Video-Based Contact Angle Meter, and the 
performance attributes (in this case, the pure water permeability). The results obtained 
are summarized in Table 4.11. A smaller contact angel θ suggested a more hydrophilic 
membrane material and subsequently less adsorption of organics onto the membrane 
surface. However, the static adsorption results were not fully agreeable with the 
contact angel findings. As discussed in previous section, in terms of the extent of 
adsorption for neutral organics fraction, adsorption on AG membrane (when saturation 
took place) was saturated found to be the greatest, followed by SG, HL, ST-28 and 
then SP-28 membranes in a descending order. This observation suggested that surface 
roughness might have more significant effect on the adsorption behaviour. 





Roughness as Surface Area 
Difference* (%) 
Contact Angel 
top surface θ (°)
AG Strong 31.9 47.9 
SG Moderate 4.7 28.4 
ST-28 Weak 0.7 58.0 
HL Weak 3.1 29.8 
SP-28 Weak 1.2 60.2 
* Values were obtained from the AFM roughness analysis, which encompassed contribution 
from top surface only for both RO and NF membranes as adsorption of neutral fractions was 
not able to be occurred inside the top surface pores. 
 
The above observation suggested that a rougher membrane surface would lead to a 
higher capacity for adsorption that in turn would result in a greater extent of 
adsorption and more significant contribution of adsorption towards membrane 
performance. Therefore, a ratio (σ) showing the significance of adsorption on rejection 
profile was introduced, which was defined as the maximum amount of absorbed 
organics mass per membrane area compared with organic solute flux through a unit 
membrane area. With a lower initial feed concentration, the amount of absorbed 
organics compared with the bulk solution became relatively significant (that is at a 
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higher σ). Thus the absorption related phenomena associated with a lower initial feed 
concentration were expected to be more obvious than the corresponding phenomena 
associated with a higher initial feed concentration. The σ values for all the dynamic 
experiments were calculated based on the static adsorption results (on top surfaces 
only) and the initial feed concentrations of dynamic experiment (Table 4.12). 
Table 4.12  Summary of the ratios (σ) for maximum absorbed mass/organic solute flux 
σ = Γe(µg/cm2)/ [C0(mg/L)*Flux(L/(cm2·s))] (s-1) 
Hpo-N Hpi-N  
low int. conc. high int. conc. low int. conc. high int. conc. 
AG 3.83E-3 1.10E-3 1.21E-3 1.28E-3 
SG 1.88E-3 0.82E-3 0.68E-3 0.88E-3 
ST-28 1.85E-3 0.56E-3 0.47E-3 0.65E-3 
HL 1.34E-3 0.56E-3 0.46E-3 0.52E-3 
SP-28 1.19E-3 0.42E-3 0.37E-3 0.54E-3 
 
4.3.2.2 Membrane rejection for neutral organics 
The experimental observations on the rejection of Hpo-N and Hpi-N were analyzed 
and discussed in this section. The results obtained are presented in Figures 4.18 and 
4.19 for low and high initial feed concentrations, respectively. 
 
An interesting phenomenon was observed in most of the experiments conducted under 
a low initial feed concentration, especially for Hpo-N. As shown in Figure 4.18, the 
TOC rejection performance for Hpo-N typically improved from the beginning of the 
experiment till 10th-14th hour. This was illustrated by the decreasing TOC value of the 
permeate during the first 10-14 hours. It was further noted that the rate of 
improvement during the initial period (2-7 hours) was typically higher than the 
subsequent duration (till 10th-14th hour). This finding indicated that the rejection 
performance in terms of Hpo-N would deteriorate after an initial period of decreasing 
TOC concentration in the permeate. This observation suggested that the adsorption of 
Hpo-N onto the AG membrane during the first 7 hours could lead to formation of an 
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extra layer on the membrane surface and inside the nonhomogenous membrane. This 
formation could have rendered the membrane material to become more uniform in 
structure or composition that in turn enhanced the Hpo-N rejection (This will be 
discussed subsequently). After 10 to 14 hours of operation, the “homogenization” of 
the membrane material could have been completed and only adsorption of Hpo-N onto 
the membrane would have effect on rejection performance. Since more and more 
available sites on the membrane surface and inside the membrane were occupied by 
absorbed organics, the contribution from adsorption would diminish with time. This 
phenomenon may explain the deteriorating of Hpo-N rejection observed from 10-14th 
hour till about 35th hour as less organics could be absorbed and retained by the 
membrane. After about 35 hours of operation, the adsorption of Hpo-N onto the 
membrane could have reached a saturation point and desorption of Hpo-N would 
therefore have an equivalent ratio with adsorption. Once this phenomenon had 
established, the permeate TOC would remain constant. The expected outcome of 
constant TOC in the permeate had indeed been demonstrated in Figure 4.18 whereby 
TOC concentration remained more or less constant after about 35 hours of operation. 
For the rejection characteristics of Hpi-N, except AG and SG membranes which had a 
slight resemblance to the rejection behaviors of the Hpo-N, it was noted that all other 
membranes showed a rather constant TOC concentration in their permeate water 
throughout the testing period. 
 
In summary, Figure 4.18 showed an improvement in Hpo-N rejection during the initial 
period (10-14 hours) and followed by a deteriorating rejection until a saturation point 
which corresponded to a point where no further net adsorption effect took place. 
Rejection of Hpi-N was more gradual with time, and had a comparatively smaller 
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rejection variation or even no effect for those membranes with smoother surfaces (HL, 
ST-28 and SP-28). The turning point for the rejection (the point where rejection begun 
to deteriorate) of Hpi-N occurred after a comparatively longer period of time at about 
20 hours (AG and SG). TDS in the permeate, on the other hand, showed less or no 
variation in terms of rejection performance with time. 
 
Figure 4.19 showed that there were smaller variations of Hpo-N rejection with time as 
compared with the corresponding behaviors associated with low initial feed 
concentration. Due to a higher initial feed concentration, the absorbed organics 
contributed relatively little effects on rejection (lower σ). In addition, adsorption and 
desorption rates were faster that in turn led to a shortened unsteady period (decreased 
from about 10 hr for those associated with low initial feed concentration, except the 
HL case, to less than 5 hr for those associated with high initial feed concentration). 
Results for Hpi-N showed that rejections with time at high initial feed concentration 
were almost constant, except for AG and SG membranes (Figure 4.19). This 
phenomenon could be attributed to the combination of two factors, namely the lower 
adsorption affinity of Hpi-N due to its hydrophilic nature as well as the faster rate of 
adsorption and desorption took place at higher initial feed concentration. 
 
The rejection profiles for Hpo-N with a low initial feed concentration showed a three-
phase curve for all RO membranes (corresponded to the cases where σ > 1.5E-3 s-1), 
namely reduction in TOC followed by an increased in TOC and plateaued thereafter in 
the permeate. In contrast, the adsorption effect on rejection of Hpi-N was much less 
obvious (corresponded to the cases where σ < 1.5E-3 s-1). Under high initial feed 
concentration, the variation in rejection profiles could only be found for AG and SG,  
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Feed TOC Prod TOC Prod TDS TOC Removal TDS Removal  
 (a) Hpo-N (b) Hpi-N 
Figure 4.18  Rejection by 5 membranes at low initial feed concentrations (1.2-1.6 mg/L) 
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the two membranes had highest adsorption capacity (with σ ranging from 0.8~1.5E-3 
s-1). For the cases of membranes with a low surface area over projected surface area 
ratio (such as HL, ST-28 and SP-28), the rejection profiles exhibited a rather constant 
trend especially under a high initial feed concentration (corresponded to the cases 
where σ < 0.8E-3 s-1). 
 
4.3.2.3 Proposed Adsorption mechanism on organics rejection by NF/RO 
Retention of trace organics by NF/RO membranes has been the subject of considerable 
research. Depending on their affinity to the membrane, retention of organics by NF/RO 
could be governed by a complex fashion according to the chemistry of the solution-
membrane interaction. Sorption is the most important mechanism for neutral organics. 
Retention behavior of such trace organics is often explained by the preferential 
sorption-capillary flow model (Reinhard et al., 1986). According to this model, solute 
transport across the membrane follows a two-step process. That is, the solute is 
adsorbed onto the membrane surface and it then migrates across the membrane by 
diffusion or convection (Fang and Chian, 1976). For both NF membrane and RO 
membrane, it has been assumed that the membrane material should all be 
inhomogeneous to some extent. For NF membrane, the inhomogeneity would be 
represented by a pore distribution while in nonporous RO, it would be reflected by the 
difference in terms of tightness at different parts of the membrane. Due to this 
inhomogeneity of the membrane material, one could expect that there are some factors 
which could affect the transport of solute through the membrane. These include: a) 
Pore Size: flux is higher in larger pores; b) Path Length: solute may follow a longer 
path when transport through the porous membrane; and c) Friction in Pore: flux near 
the pore surface will be slower than that in the middle of the pore (Bedient et al., 1994). 
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Therefore, along different paths, adsorption inside the membrane could vary 
considerably. In the larger pores, as flow rates would be relatively higher and surface 
areas are larger, the chance for adsorptive solute-membrane interactions should be 
much higher than that in the smaller pores. As time went by, it is possible that the 
physical–chemical interaction mechanism could lead to a reduction in pore size (for 
NF membrane) as solute molecules accumulated within the voids (Figure 4.20). 
               
(a) t = 0                                  (b) initial filtration stage                        (c) late filtration stage 
Figure 4.20  “Homogenization” of the membrane material (based on NF) 
 
The reduction of the large pores (NF) or the homogenization of the material (RO) 
could in turn provide a better rejection due to sieving mechanism. This 
homogenization phenomenon could explain the observation of improvement to 
organics rejection found in those experiments where adsorption showed an important 
effect (i.e. with σ > 1.5E-3 s-1). The typical rejection curve (rejection for Hpo-N with 
low initial feed concentration by AG membrane) is illustrated in Figure 4.21. An 
interesting phenomenon was found in the 3rd phase (when adsorption was saturated and 
thus it would have no effect on rejection) whereby the steady-state rejection ratio was 
72.9% which was higher than its initial value of 62.9%. This could be explained by the 
irrevocable “homogenization” effect on the membrane material. This phenomenon was 
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less obvious for other membranes that had smaller adsorption capacity. 
 
As all the phenomena shown in Figure 4.21 were likely caused by adsorption, the 
effect would be more obvious under the situation when adsorption was more 
significant compared with bulk solution transport (i.e. with higher σ > 1.5E-3 s-1), such 
as Hpo-N rejections by AG and SG membranes under low initial feed concentration. 
For those cases where σ was between 0.8 and 1.5E-3 s-1, the adsorption effect was less 
influential. This phenomenon was represented by a lower increase in rejection rate in 
phase I and that the difference of rejection rate in phases II and III were much less 





Figure 4.21  Proposed adsorption mechanism on organics rejection 
(a) Homogenization effect; (b) Adsorption effect; (c) Overall effect 
 
4.4 Electric Exclusion Mechanism for Organics Rejection by RO/NF 
This section will present the results and discussion for the rejections o
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strength conditions. The rejection phenomenon will be discussed with regards to the 
membrane charge and the reactivities of each of these organics types. Study on 
hydrophobic base were only conducted for the first two series of experiments, because 
of insufficient quantities of hydrophobic bases (~1% of total DOC) derived from the 
fractionation process, analysis of this Hpo-B fraction was thus discontinued. 
 
4.4.1 Charge Characteristics of Acid and Base Fractions 
Charge properties of DOC in natural waters provide important information on organic 
acidity, and have been indirectly and directly characterized by both electroneutrality 
and titration approaches (Oliver et al., 1983; McKnight et al., 1985). Using solution 
cation-anion balances, an estimation of the organic anion contribution can be defined 
by the anion deficit (Kortelainen et al., 1987). A more quantitative method for 
calculating organic charge contribution uses the potentiometric titration data of 
isolated organic solutes. 
 
The acidic or alkaline functional group content of the different fractions of organic 
materials is indicative of degradation process and quantitatively describes one of the 
most important characteristics of dissolved organic material in water. Acidic and 
alkaline functional groups were characterized by potentiometric titration for the four 
major classes of organic materials (Hpo-A, Hpi-A, Hpo-B and Hpi-B). To eliminate 
the effect of different ionic strengths of each volume, the Total Dissolved Solids (TDS) 
of the feed water for each organic acids and bases, at their respective pHs, were 
adjusted to the same value using NaCl so that the results obtained would correlate 
directly to the varying pH values. The potentiometric titration results for the four 
organics fraction are shown in Figure 4.22.  


























































































































































Figure 4.22  Potentiometric titration of organic fractions 
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Potentiometric titration provides a direct measure of the acidic/basic behaviour of 
organics fractions in solution, on an ionized functional group per unit mass basis. 
However, it requires some assumptions to classify these ionized functional groups as 
carboxylic acids or phenolic hydroxyls. Carboxylic acid groups are strongly acidic 
(pKa=3.0 to 5.0) and may thus be important in the acid-base chemistry of natural water 
even at low pH. Phenolic groups are weakly acidic (pKa=9.0 to 11.0) and thus may not 
participate in the acid-base status of acidic water. McKnight et al. (1985) assumed that 
carboxylic acids are fully titrated at pH 8 and half of the phenolic hydroxyl groups are 
titrated between pH 8 and pH 10. The latter assumption is unavoidably inexact.  
 
Titration results (Figure 4.22) showed that at pH 7, Hpo-A, Hpi-A, and Hpo-B 
dissociated to form their respective acids and base (>90%). However, Hpi-B only 
partially dissociated at pH 7 (~65%). Only one sharp changing was found in 
dissociation curves for Hpo-A, Hpi-A and Hpo-B, which suggests a monovalent 
structural formula with pretty strong acidity/basicity. The two steps gradual changing 
in Hpi-B curve may suggest a bivalent structural formula with a relatively weak 
basicity. 
 
4.4.2 Zeta Potential of membrane materials 
Results of Zeta Potential of membrane materials are shown in Figure 4.23. In general, 
negative charges were found for all the 5 types of membrane materials, and with an 
increase of pH, all materials became more negatively charged. NF membranes showed 
less negative charge densities than RO membranes made of same material (such as SP-
28 & ST-28). This could be attributed to their structure that was not as tight as the RO 
membranes. Thus the density of functional groups and the corresponding charge 
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densities at the membrane surface of NF membranes were less than those of RO 
membranes. When comparing AG and SG membranes, Thin-film Composite (TF) was 
found to be slightly more negatively charged than the PA membranes. TF membranes 
also showed more negative charge densities than CA membranes both for NF and RO 
membranes, probably due to the tighter top-layer structure of the TF membranes. 
 




























































SP-28 (Cellulose Acetate NF) 
 
Figure 4.23  Zeta potentials of membrane materials 
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4.4.3 Effects of pH 
Organic acids and bases behave differently at different pH levels and dissociate to 
different extents under different pH conditions. Their behaviour at different pH 
conditions and the variations of the membrane charge intensity at different pH levels 
affect the rejection of these organic acids and bases. A thorough understanding of the 
interrelation between membrane performance and organic acids and bases is of 
paramount importance in membrane research. This section will analyze and discuss the 
experimental observations on the rejection of hydrophobic acid (Hpo-A), hydrophilic 
acid (Hpi-A) and hydrophilic base (Hpi-B) by three RO (AG, SG and ST-28) and two 
NF (HL and SP-28) membranes at different pH levels. Study on hydrophobic base was 
only conducted for the first two series of experiments due to insufficient quantities of 
hydrophobic bases (~1% of total DOC) obtained during fractionation process. The 
analysis of this Hpo-B fraction was discontinued after 2 series of experiments. Figures 
4.24 to 4.28 show the experimental results of pH effect. Each figure was divided into 3 
phases, which represented results obtained under 3 different pH conditions; namely pH 
4, pH 7 and pH 9. The average rejection data are summarized in Table 4.13. 
 
Table 4.13  Summary of the average TOC rejections for pH effect study 
TOC Rej. (%) AG* SG+ ST-28+ HL* SP-28+
pH4 59.6 ± 4.5 58.8 ± 4.6 38.9 ± 7.6 53.4 ± 5.7 44.8 ± 8.8 
pH7 77.7 ± 4.9 81.2 ± 2.3 63.4 ± 2.2 85.4 ± 0.9 77.0 ± 8.3 
Hpo-A 
pH9 85.1 ± 7.8 86.2 ± 4.5 78.6 ± 3.4 81.6 ± 2.0 77.1 ± 2.2 
pH4 88.9 ± 2.3 92.3 ± 1.5 76.4 ± 1.9 80.5 ± 2.6 84.4 ± 2.5 
pH7 91.8 ± 1.4 91.3 ± 1.4 76.7 ± 3.1 88.7 ± 0.9 84.8 ± 2.6 
Hpi-A 
pH9 92.6 ± 1.0 93.8 ± 1.7 74.6 ± 1.6 90.7 ± 2.2 83.4 ± 1.5 
pH4 30.0 ± 13.3 47.0 ± 16.9 
pH7 31.1 ± 7.4 27.2 ± 3.9 
Hpo-B 
pH9 35.6 ± 16.3 40.8 ± 7.3 
N.A. 
pH4 72.2 ± 4.3 74.8 ± 4.3 59.9 ± 4.5 63.4 ± 3.2 51.8 ± 3.2 
pH7 79.7 ± 2.9 79.3 ± 7.4 67.8 ± 2.7 82.0 ± 5.3 70.2 ± 3.6 
Hpi-B 
pH9 77.4 ± 6.1 77.3 ± 4.4 71.0 ± 2.1 79.0 ± 3.7 70.4 ± 3.3 
* Mean ± SD, n = 6; 
+ Mean ± SD, n = 5. 
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Feed TOC (ppb) Permeat TOC (ppb) TOC Removal (%)  
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Figure 4.24  Effects of pH on removals of acid and base fractions by AG membrane 
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Feed TOC (ppb) Permeat TOC (ppb) TOC Removal (%)  
Hpi-B 
Figure 4.25  Effects of pH on removals of acid and base fractions by SG membrane 
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Figure 4.26  Effects of pH on removals of acid and base fractions by ST-28 membrane 
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Figure 4.27  Effects of pH on removals of acid and base fractions by HL membrane 
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Figure 4.28  Effects of pH on removals of acid and base fractions by SP-28 membrane 
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By comparing the rejections data with the charge properties of organics fractions 
(Figure 4.22) and membrane materials (Figure 4.23), it is clear that the organics 
removal obtainable under varying pH conditions is a result of electric exclusion 
between the charged membrane and the charged organic molecules. The charge of the 
membrane is significant to membrane performance because charge affects the 
electrostatic repulsion between the ions or charged molecules and the membrane 
surface. In addition, owing to dissociation of the membrane functional groups, the pH 
of the system may also affect the "openness" of nanofiltration membranes (Childress 
and Elimelech, 2000). This phenomenon would affect the size exclusion mechanism of 
removal for nanofiltration membranes as nanofiltration membranes contain pores. 
Similar assumptions may also be applicable to RO membrane although they are 
normally acknowledged as none-porous materials. 
 
It could be noted from Table 4.13 that, for Hpo-A fraction, the rejections obtained at 
pH 4 by all the membranes studied were the poorest; while at pH 9 only a slight 
improvement in performance could be observed compared with those obtainable at pH 
7. At pH 4, the Hpo-A molecules were only partially dissociated and negatively 
charged; therefore electrostatic repulsion may not be the main factor contributing 
towards Hpo-A rejection since the membranes were also only slightly negatively 
charged at pH 4. As a result, the hydrophobicity of Hpo-A became more important and 
the general tendency would inevitably favour hydrophobic molecules’ attachment to 
any material less hydrophilic than water. This is because less exposure of hydrophobic 
molecules can be achieved by attachment of the molecules to the membrane surface. 
This phenomenon in turn would enhance the transport of Hpo-A molecules towards the 
membrane surface with larger “openings” at around pH 5 (Childress and Elimelech, 
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2000), leading to an increase in the passage of Hpo-A through membranes as shown by 
the relatively high TOC values of the permeate samples. At pH 7, the deprotonated 
negatively charged Hpo-A molecules experienced electrostatic repulsion from the 
negatively charged membrane leading to a better rejection of Hpo-A (Mallevialle et al., 
1996). At pH 9, the Hpo-A rejection was close to the rejection obtainable at pH 7 or 
slightly better as in the case of the RO membranes. This could be explained by the 
slight increase in the quantity of deprotonated negatively charged Hpo-A molecules at 
pH 9 as compared to at pH 7. In addition, the negative charge potential of the 
membrane was close or slightly higher at pH 9 as compared to pH 7. 
 
For Hpi-A and Hpi-B fractions, the generally trends were similar to that of Hpo-A, 
except the performances at pH 4 were much better, some even very close to the results 
obtained at pH 7. The rejections for Hpi-A fraction were normally higher than those 
for Hpo-A. This is because the hydrophilic characteristic exhibits an affinity for water 
which makes Hpi-A molecules have little tendency to approach and be adsorbed onto 
the membrane surface. Hpi-B fraction showed a relatively poorer removal when 
compared with Hpi-A, due to electrostatic attraction between the positively charged 
base organic molecules and the negatively charged membrane surface. For Hpi-B 
fraction, the change in the tightness of the membrane material may be the most 
important reason for the poorest performance observed at pH 4, since the negative 
charge of membrane increased with the pH while positive charge of Hpi-B molecules 
decreased with increaing pH. 
 
Due to the limited quantity of Hpo-B fraction that could be produced from the 
fractionation process, only two series of experiments were carried out. As the feed 
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concentration used in these experiments were rather low (about 300ppb only), the 
rejection results obtained could be affected by the detection limit associated with the 
low TOC concentration present in permeate samples. Based on the available data, the 
poorest rejections for Hpo-B were found at pH 7. This is because, as shown in Figure 
4.22, Hpo-B molecules are half dissociated at pH 9 and almost fully dissociated at pH 
7 and 4; while the negative charge of membrane is less negatively charged at pH 4 but 
more negatively charged at pH 7 and 9 to a similar extent. Thus, the largest extent of 
electrostatic attraction between Hpo-B molecules and membrane at pH 7 leads to the 
poorest rejection. The hydrophobicity may also contribute to the poor Hpo-B rejection, 
as discussed for Hpo-A. 
 
4.4.4 Effects of Ionic Strength 
Effective charge of a membrane depends not only on pH, but also the ionic strength of 
solution, which could influence functional group dissociation and double layer effects. 
A thorough understanding of the membrane performance for removal of organic acids 
and bases requires research on ionic strength effects. This section will analyze and 
discuss the experimental observations on the rejection of hydrophobic acid (Hpo-A), 
hydrophilic acid (Hpi-A), and hydrophilic base (Hpi-B) by 3 RO (AG, SG and ST-28) 
and 2 NF (HL and SP-28) membranes at different ionic strength conditions. Figures 
4.29 to 4.33 show the experimental results. Each figure was divided into 3 phases, 
which represented results obtained under 3 different ionic strength conditions, with 
TDS concentrations of 500, 1000 and 3000 ppm. The average rejections are 
summarised in Table 4.14. 
 
The results obtained under different ionic strength conditions did not show as much 
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difference as those in pH study. However, slightly lower rejections could still be found 
under the condition with TDS concentration of 500 ppm. With TDS concentration of 
1000 ppm, rejections of Hpo-A and Hpi-B by RO membranes, and rejection of 
hydrophilic fractions by NF membranes exhibited the best performances. While, Hpo-
A removals by NF and Hpi-A removals by RO gave the best results under TDS 3000 
ppm condtition. These phenomena suggested a lower TDS condition would not help in 
organics rejection by membranes, because the tenuous ion concentration (TDS 
concentration even lower than the original secondary effluent) may result in a weak 
charge on membrane surface as there may not be enough chance for the interaction 
between the ions in solution and the membrane surface. Another possible reason for 
the poorer performance under a low ionic strength may be the membrane structure. It 
has been reported that feed ionic strength could lead to a structural change in the bulk 
membrane material. For example, the pore size would decrease with increasing feed 
ionic strength in a low ionic strength solution, asymptotically approaching a constant 
value at higher salt concentrations (Correia and Judd, 1996). 
 
Table 4.14  Summary of the average TOC rejections for ionic strength study 
TOC Rej. (%) AG* SG* ST-28* HL+ SP-28+
TDS 500 ppm 89.4 ± 2.7 84.3 ± 4.6 79.2 ± 6.5 83.8 ± 3.8 71.6 ± 3.5 
TDS 1000 ppm 90.2 ± 0.9 86.4 ± 1.6 82.6 ± 2.4 82.9 ± 1.1 72.4 ± 4.2 
Hpo-A 
TDS 3000 ppm 86.0 ± 1.2 81.8 ± 0.6 77.6 ± 1.3 86.9 ± 2.2 81.6 ± 1.9 
TDS 500 ppm 82.5 ± 5.8 82.2 ± 2.2 81.9 ± 3.4 84.2 ± 2.9 69.8 ± 2.6 
TDS 1000 ppm 77.5 ± 3.6 79.6 ± 2.9 81.5 ± 4.6 89.5 ± 0.6 82.9 ± 0.9 
Hpi-A 
TDS 3000 ppm 83.5 ± 2.1 85.9 ± 1.2 88.2 ± 1.3 89.1 ± 1.0 76.9 ± 1.6 
TDS 500 ppm 74.9 ± 1.6 75.1 ± 1.4 75.3 ± 2.8 83.3 ± 3.5 70.1 ± 2.2 
TDS 1000 ppm 85.7 ± 6.0 84.7 ± 2.9 83.6 ± 2.4 89.0 ± 0.3 82.1 ± 1.0 
Hpi-B 
TDS 3000 ppm 81.4 ± 0.8 83.9 ± 1.2 86.4 ± 1.7 88.9 ± 0.4 76.3 ± 3.5 
* Mean ± SD, n = 4; 
+ Mean ± SD, n = 5. 
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Figure 4.29  Effects of ionic strength on removals of acid and base fractions by AG membrane 
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Figure 4.30  Effects of ionic strength on removals of acid and base fractions by SG membrane 
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Figure 4.31  Effects of ionic strength on removals of acid and base fractions by ST-28 membrane 
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Figure 4.32  Effects of ionic strength on removals of acid and base fractions by HL membrane 
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Figure 4.33  Effects of ionic strength on removals of acid and base fractions by SP-28 membrane 
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The differences among the organics rejection observed under three different ionic 
strength conditions were mostly within 10% range, which suggested that the effect of 
ionic strength on the electrostatic interactions between organics and membrane surface 
was not as significant as that of pH. Moreover, some exceptions were observed to have 
a slightly lower rejection under TDS 3000 ppm condition than those under TDS 1000 
ppm condition. These observations suggested that the combined effects of different 
hydrophobicity of organics molecules and membrane structure might result in 
inconsistent behaviours for organics rejection under higher TDS concentrations. 
 
For RO membranes, when TDS concentration increased from 1000 ppm to 3000 ppm, 
the tightness of the membrane structure (openings of membrane) may not change 
dramatically. However, higher inorganic ions concentration may show hindrance to the 
contact of Hpo-A molecules and H2O and subsequently the hydrolyzation of the Hpo-
A molecules. As a result, the electrostatic repulsion force between the negatively 
charged membrane surface and Hpo-A fraction would inevitably be weakened, which 
allowed more Hpo-A molecules to be transported to the membrane surface. In addition, 
due to the higher ions concentrations on the membrane surface, the adsorption sites 
available for Hpo-A would inevitably be decreased. Thus more Hpo-A molecules had 
the chance to pass through the membrane that led to a poorer performance under 
higher TDS concentration. For Hpi-A fraction, the adsorption effect was less 
significant, while polar structure of Hpi-A molecules may allow hydrophilic 
interactions with inorganic ions, since hydrogen bonding is a much stronger force and 
over a longer distance. The net effect is that Hpi-A fraction tends to be attracted to 
water molecules with more significant effect under higher TDS concentration. 
Therefore, as the Hpi-A fraction approached the membrane, owing to the stronger 
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hydrophilicity, the organic compounds were rejected more by the membrane, which in 
turn led to a higher rejection under high TDS concentration. For the halfly dissociated 
Hpi-B fraction under pH neutral condition, lower rejections were found under TDS 
500 ppm condition, while similar results were found for most of the cases with TDS 
1000 ppm and 3000 ppm conditions. This phenomena could be attributed to the effect 
of ionic strength on the change of  membrane structure. 
 
For NF membranes, the effect of pore size decreasing with increasing feed ionic 
strength would be more significant than that of RO membranes, and the contributions 
due to size exclusion and convection would therefore become the dominating 
mechanisms of organics rejection and permeation. Therefore, when TDS concentration 
increased from 1000 to 3000 ppm, the size exclusion mechanism generally would 
result in a higher rejection, especially for Hpo-A fraction due to its bigger average 
molecular size. For organic molecules, the molecular size could be calculated by 
 (Bowen et al., 1997). As shown in Section 4.3.1, 
the MW of Hpo-A and Hpi-A are 453,602 and 115,667 Da, respectively. Based on the 
equation, the mean molecular radius (r
ws Mr 1010 log395.03363.1log +−=
s) were 7.91 and 4.61 nm for Hpo-A and Hpi-A, 
respectively. The average pore sizes for HL and SP-28 membrane were 9.2 and 13.9 
nm, respectively. It is therefore clear that the molecular size of Hpo-A was quite 
similar to the pore sizes of the two membranes, while the Hpi-A molecules was only 
half to one-third of the pore sizes. Therefore, a slight decrease in NF pore sizes would 
affect the Hpo-A rejection dramatically, while the rejection for Hpi-A would not be 
affected as significantly as Hpo-A. On the other hand, the Hpi-A fraction showed a 
stronger hydrophilicity due to the hydrogen bonding between ions and Hpi-A 
molecules under a higher TDS concentration. Therefore, the Hpi-A fraction would be 
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easier to pass through the NF membranes by convection, especially those fractions 
with much smaller molecular size. Thus, the results of Hpo-A removals by NF 
membranes under 3000 ppm TDS was higher than that obtained under 1000 ppm TDS. 
In contrast, the results of Hpi-A removals by NF membranes under 3000 ppm TDS 
was either the same (HL) or lower (SP-28) than the corresponding results obtained 
under 1000 ppm TDS. 
 
For Hpi-B fraction, the much smaller MW, 1,103 Da, rendered the effect of membrane 
structure negligible, between conditions with TDS 1000 ppm and TDS 3000 ppm. The 
differences between RO rejections and NF rejections were also not obvious. This 
observation suggested that membrane separation under a higher TDS concentration 
had comparatively better organics rejection performance than the ones with tenuous 
ion concentration. 
 
4.5 Effects of Interaction between Fractions on Membrane Rejection 
Performance 
As discussed in the preliminary study, it was suspected that interactions among 
different fractions could enhance rejection due to the effect of coupling of different 
components known as frictional coupling. That is, coupling of more permeable 
components (hydrophilic compounds) with less permeable components (hydrophobic 
compounds) could enhance the rejection performance for the more permeable 
components. Moreover, systems of electrolytes-nonelectrolytes or electric solutions 
containing weak acids and bases could exhibit strong neutralization and interaction 
effects (Scltanieh and Sahebdelfar, 2001). Thus, in the last part of this research, the 
two organics fractions with poor rejection characteristics were chosen, namely Hpo-B 
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and Hpi-B, based on the previous results. NF membranes, which showed a poorer 
performance than RO membranes, were adopted in this part of the study. Acid 
fractions (Hpo-A & Hpi-A) were firstly selected to study the interaction effects on 
rejection of base fractions. Since frictional coupling also showed some effects 
(although may not be very strong), one neutral fraction (Hpo-N) was chosen as another 
fraction to interact with base fractions. The reason for not using Hpi-N was because 
Hpi-N was the last fraction derived from the fractionation process and thus may 
contain more impurities than other fractions. 
 
Removals of those single fractions by NF were studied first (Figure 4.34, Table 4.15) 
to observe the interaction effect when comparing the results obtained from the 
experiments with two fractions being mixed together. These data will be used as a base 
line for comparing with the later results and for identifying the possible interactions 
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Figure 4.34  DOC Removal efficiencies for single fractions by NF membranes 
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Table 4.15  Average rejection in terms of DOC (%)* for single fractions by NF 
Membrane Hpo-A Hpi-A Hpo-N Hpo-B Hpi-B 
HL 81.6 ± 2.6 92.0 ± 0.6 70.5 ± 2.2 47.7 ± 1.8 75.5 ± 2.7 
SP-28 73.0 ± 6.9 90.6 ±  0.1 67.4 ± 1.0 40.1 ± 0.7 79.1 ± 2.5 
* Mean ± SD, n = 3. 
 
4.5.1 Interactions between Acid & Base Fractions 
The interactions between acid and base fractions were firstly investigated as the 
neutralization reaction may be more reasonable and faster. The neutralization reactions 
may result in an increase of ionic charge (more dissociation of weak acids and bases) 
as well as a decrease of the dielectric constant. These phenomena could enhance 
RO/NF rejection performance, especially for the positively charged base fractions as 
the membrane was negatively charged under neutral pH condition. Experiments were 
conducted with the combination of the two acid and base fractions. Varying 
concentration ratios, up to 1:5, were also investigated based on the actual concentration 
ratios observed in original water sample (unfractionated sample). The results obtained 
from this series of studies are shown in Figure 4.35. 
 
With the presence of Hpi-A, the average rejections for Hpo-B were 66.7% for HL and 
70.7% for SP-28. The corresponding results for Hpi-B were 86.3% and 90.2%, 
respectively. These performances were 11-30% higher than the average rejections 
associated with two corresponding fractions individually. Figure 4.35 also showed that, 
with the presence of Hpo-A concentration at a concentration ratio of 1, the average 
rejections for Hpo-B+Hpo-A were 64.9% for HL and 65.4% for SP-28. The 
corresponding results for Hpi-B+Hpo-A were 77.5% and 86.4%, respectively. When 
the concentration ratio was increased to 2-5, the removal results for Hpo-B+Hpo-A 
increased to 86.9-93.5% for HL and 80.3-91.9% for SP-28. The corresponding results 
for Hpi-B+Hpo-A increased to 89.5-94.0% and 85.9-93.6%, respectively. The above 
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observations suggested that an increase in Hpo-A would increase the chance for the 
possible neutralization interactions. However, when the ratio reached a certain range 
(>2 in our case) the beneficial effects became less significant due to the saturation of 
reactions.  
 
The lower rejection for Hpo-B series (Figure 4.35 a, b, c) could be attributed to the 
phenomenon that hydrophobic fractions tend to be adsorbed by the membrane 
compared with the hydrophilic organics fractions. This phenomenon was also reported 
in a study on the rejection of pesticides using NF (Kiso et al., 2002). Their observation 
agreed with this current study and explains why Hpo-B has a lower rejection than Hpi-
B. As both organic bases were positively charged and would exhibit an attraction to 
the negatively charged membrane; the difference in removal would likely be due to the 
difference in hydrophobicity. This observation could also help to explain why the 
experiments conducted with Hpi-B as the host fraction generally showed a higher 
removal efficiency. It was also noted that rejection percentage of Hpi-B fractions also 
tended to fluctuate less over time since they were repelled more by the membrane. In 
contrast, the removal of Hpo-B generally started to decrease with time due to 
absorption and desorption of the organics by the membrane. 
 
Except for the neutralization reaction between acid and base fractions, the introduction 
of another hydrophilic group (polar) of organics competes with water in solvating the 
other hydrophilic group such that hydrophilic interactions between these organics 
groups and water are depressed. This phenomenon could explain why when Hpi-A was 
added to Hpi-B, the removal rate was improved. This effect was also reported in a 
study in which it was found that the addition of glucose have significant effects on 
145 
Chapter Four-Results and Discussions 
hydrophobic and hydrophilic interactions of alkanols in a concentrated aqueous 
solution (Castronouovo et al., 2002). The hydrophilic interactions may dominate over 
Acid-Base interactions since hydrogen bonding is a much stronger force and over a 
longer distance. The net effect is that both fractions tend to be attracted to water 
molecules than themselves individually and to each other. Compared to the solution 
comprising of Hpo-B + Hpi-A, as they approached the membrane, the organic 
compounds would be rejected more readily by the membrane. This phenomenon could 
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f. Removal efficiency of Hpi-B  (1ppm) as Host Fraction by SP-28
Figure 4.35  DOC Results for Interactions between Acid and Base Fractions 
 
4.5.2 Interactions between Neutral & Base Fractions 
Experiments were also carried out to investigate whether the presence of neutral 
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organics fraction would help the removal of base fractions. Hpo-N was selected as it 
was a major fraction in original water and contained much less impurities than the last 
fraction of the fractionation process (Hpi-N fraction). The experimental results are 
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d. Removal efficiency of Hpi-B  (1ppm) as Host Fraction by SP-28
Figure 4.36  DOC Results for Interactions between Neutral & Base Fractions 
 
It was found that with the presence of Hpo-N at a concentration ratio of 1, the average 
rejections for Hpo-B+Hpo-N were 75.4% for HL and 69.4% for SP-28. The 
corresponding results for Hpi-B+Hpo-N were 88.5% and 88.1%, respectively. The 
rejections were 9-35% higher than the average rejections achievable with the two 
individual fractions. When the concentration ratio was increased to 2, the 
corresponding rejections only increased by about 2-9%, not as significant as those of 
the Hpo-A experiments. This observation suggested that the interaction between 
neutral and base fractions was not as significant as that between the acid and base 
fractions. The interaction between neutral and base organics should be due to the effect 
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of coupling of different components known as frictional coupling. That is, coupling of 
more permeable components (hydrophilic compounds: Hpi-B) with less permeable 
components (hydrophobic compounds: Hpo-N) could enhance the rejection 
performance of the more permeable components. 
 
This part of the study confirmed that rejection of base fractions by NF membranes, 
could be greatly enhanced by the effects of interactions of complex organic matters. 
The interaction effects also enabled NF process capable of achieving consistently high 
DOC removals for the various isolated fractions, with percentage removals ranging 
from 70-90%. The results indicated a beneficial interaction among the fractions 
possibly due to the hydrophilic interaction, frictional coupling and neutralization 
interaction of different components. 
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CHAPTER FIVE 




The results from this study provided a basic understanding on the rejection 
mechanisms for organics by NF and RO membranes. It facilitated a better 
understanding on the performance of membrane system and studied the feasibility of 
adopting membrane technology for reclaiming treated sewage, where organic 
pollutants are the prime concern. 
 
From preliminary study, dissolved organic matters (DOM) from secondary effluent 
collected from a water reclamation plant were fractionated using column 
chromatographic method with non-ionic resins XAD-8, AG MP-50 and IRA-96. Seven 
isolated fractions were derived from the fractionation study and these fractions were 
characterized using DOC, UV254 and SUVA values. The DOC rejection efficiencies, 
by a lab-scale MF-RO system, of various isolated fractions fell within the range of 
49.7% - 95.5%. Results also confirmed that hydrophobicity of dissolved organic 
matters was a significant factor in determining rejection of organic species by RO 
process. In additional, it was found that the removal efficiencies by RO were in the 
order of Acid > Neutral > Base (except for HPI-N fraction), when comparing among 
all the hydrophobic or hydrophilic fractions. This observation could be attributed to 
charges of solute molecules and membrane materials. Treatment of secondary effluent 
by RO process prior to fractionation showed that the rejection of base as well as 
hydrophilic acid fractions by RO membrane could be greatly enhanced by the effects 
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of interactions among complex organic matters present in the treated secondary 
effluent. The interaction effects enabled RO process capable of achieving consistently 
high DOC removals for the various isolated fractions, with percentage removals 
ranging from 96% - 99%. Therefore the research was further narrowed down to 3 main 
parts to study the rejection mechanisms for organics removal by RO/NF membrane. 
Details are listed below: 
 
Firstly, sorption on the hydrophobic domain, as an important membrane polymer-
organic solute interaction, which may influence the rejection behaviour, was studied by 
conducting both static and dynamic experiments. Mathematical models were also 
employed to describe organics rejection by adsorption under the influence of 
hydrophobicity and hydrophilicity. Two adsorption models, the modified D-CAM and 
R-CAM, were formulated and solved to determine the rate of organics adsorption. 
Under the conditions of this study, the large MW acid fractions were found to have 
very small desorption rates. It was thus deduced that such fractions were likely to 
exhibit irreversible adsorption due to the formation of chemical bonds between 
themselves and the membrane surface, and their adsorption processes were probably 
be reaction-controlled. On the other hand, the small MW base and neutral fractions 
were found to have desorption rates that were in a large order. Therefore, both the base 
and neutral fractions were proposed to follow a diffusion-controlled adsorption process. 
The modified D-CAM and R-CAM were able to describe and predict the trends of 
adsorption for the base, neutral and acid fractions, respectively. 
 
In the dynamic adsorption study, we found that a variation trend in the membrane 
rejection profiles in relationship with the significance of adsorption (indicated by σ). 
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With a lower initial Hpo-N concentration and with a ratio (σ), the maximum amount of 
absorbed organics mass per membrane area over the organic solute flux through a unit 
membrane area,  ranging from 1.85E-3 to 3.83E-3 s-1, the rejection trends for all 
membranes investigated were found to exhibit the following sequence: (i) 
“homogenization” due to initial adsorption (increase in rejection), (ii) adsorption 
dominating zone (decrease in rejection), and (iii) saturation zone after saturation of 
adsorption (no effect on rejection). For those cases with σ ranging from 0.8-1.5E-3 s-1, 
a mild ‘homogenization’ phase could still be found. However, the rejection 
performance remained constant subsequently. In contrast, when σ was lower than 
0.8E-3 s-1, no adsorption effect could be observed throughout the experiment period. 
 
In the study of electric exclusion effect, pH and ionic strength were selected as the two 
most important factors for investigation. This part of research focused on the retention 
behaviours of acid/base organics fractions present in treated effluent. The zeta 
potentials of each membrane material under different pH conditions were also 
analyzed to help in explaining the separation results. The worst rejection of Hpo-A, 
Hpi-A and Hpi-B occurred at pH 4, while the best occurred at pH 9. This phenomenon 
could be attributable to a combination of several factors: (i) variation of membrane 
charge and tightness with pH, (ii) extent of dissociation of Hpo-A, Hpi-A and Hpi-B at 
different pH conditions, and (iii) hydrophobicity of the organics type. Ionic strength 
showed less significant effect on rejections of acid/base fractions by RO/NF 
membranes. Nevertheless, the densities of ions in the solution could still affect the 
charge on membrane surface and the dissociation of organics fractions. 
 
In order to further improve the removal of base fraction by NF membranes, the mixing 
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of other fractions with base fraction was investigated to study the interaction effect. 
Mixing of the base factions with some other fractions, and subsequently passing 
through the membrane may provide information about the interaction effect on the 
organics rejection by membrane. With the presence of Hpi-A in Hpo-B solution, the 
average DOC rejections were 66.7% for HL and 70.7% for SP-28, respectively. The 
corresponding results for Hpi-B, with the presence of Hpi-A, were 86.3% and 90.2%, 
respectively, which were 11-30% higher than the average DOC rejections for the two 
individual base fractions. When the concentration ratio (Hpo-A:Hpo-B/Hpi-B) was 
increased from 1 to 2-5, the DOC removal results for Hpo-B increased from 64.9% to 
86.9-93.5% for HL and from 65.4% to 80.3-91.9% for SP-28, respectively. The 
corresponding results for Hpi-B increased from 77.5% to 89.5-94.0% for HL and from 
86.4% to 85.9-93.6% for SP-28, respectively. That is, a higher amount of Hpo-A could 
enhance the chance for the possible interactions. The neutralization reactions between 
acid organics and base organics may cause an increase of the amount of charged 
species (more dissociation of weak acids and bases) as well as a decrease of the 
dielectric constant. These phenomena could enhance RO/NF rejection, especially for 
the positively charged base fractions, as the membrane is negatively charged under 
neutral pH condition. Moreover, the introduction of another hydrophilic group (polar) 
of organics competes with water could solvate the other hydrophilic group such that 
hydrophilic interactions between these groups and water are depressed, which would 
further improve the removal. 
 
With the presence of Hpo-N at a concentration ratio (Hpo-N:Hpo-B/Hpi-B) of 1, the 
average DOC rejections for Hpo-B were 75.4% for HL and 69.4% for SP-28, 
respectively. The corresponding results for Hpi-B were 88.5% and 88.1%, respectively. 
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These results were 9-35% higher than the average DOC rejections for the two 
individual fractions. When the concentration ratio increased to 2, the rejections only 
increased for about 2-9%, not as significant as those for the Hpo-A experiments. The 
interaction between neutral organics and base organics could be due to the effect of 
coupling of different components known as frictional coupling. That is, coupling of 
more permeable components (hydrophilic compounds: Hpi-B) with less permeable 
components (hydrophobic compounds: Hpo-N) could enhance the rejection 
performance for the more permeable components. 
 
5.2 Recommendations 
It is recommended that further research be conducted on: 
• Modelling of electric exclusion mechanism for organics rejection 
Extending well established models such as Donnan exclusion models and 
extended Nernst-Planck model may facilitate a quantitative way for studying 
rejection mechanism. Based on the charge data of organics fractions and 
membrane materials, it is possible to investigate whether the above-mentioned 
models, typically applied on ion rejection, could describe the effect of electric 
exclusion on organics rejection. 
• Further study on interaction effects 
As beneficial effects were found with the presence of Hpo-N to base fractions, 
it may be possible to have similar results if Hpi-N is introduced to base 
fractions. Further purification for Hpi-N fraction and the membrane separation 
experiments for Hpi-N + base fractions would be necessary to investigate this 
phenomenon. On the other hand, except for concentration ratio, there may be 
other factors, which could affect the interactions effects, such as pH, and ionic 
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strength. As this current study was based on a binary solution, it would be 
useful to investigate a complex interaction as in the real water where there are 
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RATE MODELS DEVELOPMENT 
 
 
A.1 Diffusion-Controlled Adsorption Model 
The D-CAM was derived based on Fick’s diffusion laws. The rate-limiting step in D-
CAM is molecular diffusion from the bulk solution to the proximity of the membrane 
surface. 
 
Fick’s 1st Law is given by: 
x
CDJ sws ∂
∂−=                                                                                                              (A.1) 









∂                                                                                                            (A.2) 
where,  
Js = solute flux, µg/cm2s; 
Dsw = diffusion coefficient of solute in water, cm2/s; 
C = bulk concentration of solutes, µg/cm3; 
x = distance from the membrane surface, cm; and 
t = time, s. 
 
The following assumptions have been made in the derivation: 
1. Membrane surface is assumed to be flat and large so that end effects could be 
neglected. 
2. Experience has shown that the flux often remains linear over substantial ranges 
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of the concentration gradient (Lyklema, 1991). Hence diffusion coefficient is 
taken to be a constant value. 
3. The bulk volume is assumed to be so large that the concentration changes due 
to the depletion of the thin layer near the membrane surface are negligible 
(semi-infinite diffusion).  This gives rise to two boundary conditions: 
0)0,( CxC =                                                                                                     (A.3) 
0),( CtC =−∞                                                                                                  (A.4) 
where, C0 = initial bulk concentration of solutes, µg/cm3. 
4. Solute concentration on membrane surface is assumed to be zero as the surface 
process is fast compared with the supply by diffusion. Therefore: 
0),0( =tC                                                                                                       (A.5) 
5. Langmuir-type and monolayer adsorption is assumed. 
Linear diffusion in the x-direction perpendicular to the membrane surface where x = 0, 
was considered. 
 
Equation (A.2) was first solved by Laplace transformation, which involves conversion 
of C into its Laplace transform C  as a function of x and s, where s is the Laplace 









CsxC sw+=                                                                                  (A.6) 
which is an ordinary differential equation in x, rather than the partial one given by 
(A.2). 
 








sxC +−+=                                      (A.7) 
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where the integration constants A(s) and B(s) were determined using the boundary 
conditions (A.3) and (A.4).  As x → -∞, 
0)( =sA                                                                                                                      (A.8) 
and when x = 0, B(s) is expressed in terms of the surface concentration ),0( sC : 
s
C
sCsB 0),0()( −=                                                                                                     (A.9) 
 









sxC −+=                                                           (A.10) 
 
The Laplace transformation of equation (A.1) can then be determined: 
dx
sxCdDsxJ sws
),(),( =                                                                                            (A.11) 







sxCDssxJ −=                                                     (A.12) 
 













s+=                                                                                          (A.13b) 
 
Equation (A.13b) was back-transformed into the real time domain and by applying the 







J sws π=                                                                                                        (A.14) 
 
Since monolayer adsorption (Langmuir-type adsorption) is assumed, as the adsorption 
proceeds, the number of sites available for adsorption decreases.  To account for this 
decrease in membrane surface area for adsorption, the term et ΓΓ− /)(1  was introduced 







Γ−=                                                                                          (A.15) 
where, Γ(t) = mass adsorbed per membrane surface area at time t, µg/cm2; 
Γe =  mass adsorbed per membrane surface area at equilibrium for a given 
bulk concentration and solution condition, µg/cm2. 
A surface coefficient, β, was proposed to account for the increase in surface area for 
adsorption due to roughness and porosity of membrane. Hence, the solute flux 







Γ−=                                                                                      (A.16) 
 







dJ                                                                                                (A.17) 
 
Assuming there is no adsorption at t = 0, we have  
Γ(0) = 0 
 
Solving (A.16) and (A.17) yields the modified diffusion-controlled adsorption model 
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−−Γ=Γ                                                                    (A.18) 
 
A.2 Reaction-Controlled Adsorption Model 
In the reaction-controlled adsorption process, the molecular interaction at the 
membrane surface is the rate limiting step. Based on this understanding, the R-CAM 
was derived. 
 
The following assumptions have been made in the derivation: 
1. There exists a subsurface layer (a thickness of a few molecular diameters 
immediately adjacent to the membrane surface) within which the adsorption 
process is studied. 
2. The local equilibrium between the subsurface and the membrane surface is 
assumed to follow Langmuir kinetics. 
3. The subsurface concentration is assumed to be equal to the initial bulk 
concentration since the diffusion process is fast compared to the surface 
process. 
 
Langmuir kinetics is expressed as a difference between adsorption and desorption 








Γ−=Γ )1(                                                                                      (A.19) 
where,  
Γ = mass adsorbed per membrane surface area at time t, µg/cm2; 
t = time, s; 
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ka = adsorption rate constant, cm/s; 
kd = desorption rate constant, µg/cm2s; 
Cs = concentration in the subsurface, µg/cm3; and 
Γm = maximum mass adsorbed per membrane surface area, µg/cm2. 
 








Γ−=Γ )1(0                                                                                      (A.20) 
 
Defining   0' *Ckk aa =
where ka' represents the adsorption rate constant which takes into account the effect of 
initial bulk concentration of solutes. This definition is similar to that of kd.  Thus, 








Γ−=Γ )1('                                                                                          (A.21) 
 
At equilibrium when the rate of adsorption is equal to the rate of desorption from the 
membrane surface, that is 0=Γ
dt










'                                                                                                           (A.22) 
Γe = mass adsorbed per membrane surface area at equilibrium, µg/cm2. 
 


















d                                                                                            (A.23b) 












+= '                                                                                                               (A.25) 
where r represents the overall rate of adsorption.  
 
The bigger the r value, the faster and larger the adsorption will be.  In addition, Γm 







kk +Γ=Γ                                                                                                     (A.26) 
 
Substituting (A.25) into (A.24), the reaction-controlled adsorption model is therefore 
obtained as: 
)]exp(1[)( rtt e −−Γ=Γ                                                                                              (A.27) 
 
By substituting (A.26) into (A.25), r can be simplified as follows: 
e
akr Γ=
'                                                                                                                       (A.28) 
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